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ABSTRACT 

(Distribution  Limitation  Statement  No.  2) 


Influence  of  soil  suction^  clay  microstructure,  and  applied  external  loading 
upon  the  swelling  behavior  was  undertaken  to  further  the  understanding  of 
expansive  soils.  Foir  the  soil  tested,  the  microstructure  produced  by  kneading 
compaction  did  not  change  the  particle  orientation  to  any  significant  degree. 
Evaluation  of  the  microstructure  was  performed  with  both  X-ray  diffraction  and 
scanning  electron  microscopy  techniques.  The  microstructure  is  perhaps  best 
described  by  multi-grain  or  packet  arrangements.  A  higher  degree  of  packet 
dispersion  occurred  at  molding  water  contents  wet  of  optimum;  however,  it  did 
not  approach  any  high  degree  of  preferred  particle  orientation.  A  swell  test 
was  developed  using  the  Bishop  Oedcmeter  in  which  both  soil  suction  and  external 
loading  could  be  controlled  and  measured.  Using  the  axis  of  translation  tech¬ 
nique  with  a  high  air  entry  ceramic  stone,  soil  suctions  of  5.1  kg/cm2  (pF-3.4) 
were  measured.  Results  indicate  that  below  a  certain  value  of  soil  suction  the 
swell  will  be  accelerated  with  a  further  decrease  in  suction.  As  the  applied 
loading  is  increased  it  will  limit  this  acceleration  and  the  soil  suction-swell 
relationship  becomes  more  linear  with  decreasing  suctions. 
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he  double  Isyar  fh= 


eater  the  force  of  remlsicn.  The 


extent  cf  tie  double  layer  ray  range  fra  53  to  330A  (l). 


Attractive  forces  .between  clay  "articles  'Sire  forces  of 
attraction.  between  Crlsy  particles  sre  predominantly  the  London-ven 
der  weals  forces.  These  attractive  forces  ere  between  individual 
stars  a:i3  are  relatively  snail  in  magnitude,  lie  strength  is  rapidly 
dissiyutefl  vita  distance  between  particles. . 

Another  shares  of  the  attractive  forces  -cay  be  caused  by  the 
eccarrahre  of  positively  charged  ends  cn  the  clay  particles  them¬ 
selves,  das  to  fracture  glares  which  breah  the.  mineral  in.  such  a 
manner  ss  to  leave  a  rat  positive  charge -(2). 

ihe  clay  recede  The  clay  micelle  is  a  convenient  model 
by  which  to  visa.ai.jge  the  cla?  particle  and  the  diffuse  double  layer 
concerts.  The  adsorbed  vater  is  -considered  to  be  those  water  cole- 
cn3«»g  attracted  to  the  clay  particle  and  the  diffuse  double  layer  is 
represented  by  the  -water  and  icsns  present  in  the  micelle.  The  size 
of  the  clay  nacelle  is  controlled  by  those  factors  which  influence 
the  diffuse  double  layer  previously  covered.  Fig.  1  shows  the  clay 

Osmotic  -pressure  in  clay  vater  system  For  osmotic  pres¬ 
sures  to  exist  two  basic  conditions  must  be  satisfied.  Two  solutions 
of  different  concentrations  must  exist  which  are  separated  by  a  semi- 
yermeable  rsdbrane  which  will  allow  passage  of  the  solvent  (water)  ■ 
cut  not  the  solute  (ions). 


Csnotie  section  Ss  omotic  cr  salnte  sodden  has  Seen 
desired  as  "She  negative  gage  pressure  to  snich  a  pool  oS  pare  vater 
rist  be  subjected  in  -crier  to  be  in  eroijicrino  tbr^sgn  a  sssi- 
osrtreabis  nsibrane  vitn  a  nobs.  containing  a  sclnticn  iiestieal.  is, 
cccrprslticn  viti.  tbe  soil  vater.®  {3^ 

Csr^llgry  section.  She  natrin  cr  capillary  section  is  de¬ 
fined  as  "die  negative  g age  press  ore  relative  to  tbs  external  gas 
gresssre  cn  the  soil  vater,  to,  vhieh  a  sdstioa  identical  3a  ccmpcsi- 
tior  rith  tbs  soil  vater  rest  be  seb,Jected  in-  crier  to  be  is  ebrili— 
brine  tircesp  a  pomes  pemesble  vail  vitb  the  soil  vater-5’  (3) 

y.rr;  i  s7~r»?v  es  «s©£l  section  is  the  smc  cr  eariilsry  srsl 

osbotie  sspticgi  pressare  ana  is  algajs  a  segstive  val ne  vith  respect 
to  atmospheric  air  pressure.  She  p?  scale  developed  by  Schofield  (%) 
Ssas  \>een  esed  to  sessnse  soil  seriicns.  lbs  p?  seals  is  the  icgar- 
ritbn  to  base  ten  of  the  section  in  eebtineters  cS  vat er. 

1  section.  -ef  ten  centimeters  cf  vater  is  eyes!  to  pJ-l,  one  thnesaed 
centimeters  isc  a  g7=3,  etc. 

Clay  rierostrectore  She  arranpanent  cf  the  irdividral  clay 
particles  is  referred  to  as  the  riercstrnctere.  Sbs  nacres trocture 
has  been-  classified  into  taro  basic  arts ngenarts  -  1  “floccalent® 

ricrcstrectere  is  character! zed.  as  coetairriry  a.  random  orientation 
of  particles  vita  considerable  “end  to  face'1  contact  bstveen  parti¬ 
cles.  Sa  other  basic  orientation  is  termed  a  "dispersed5*  micros  - 
sircatpre  and  is  characterized  by  a  parallel  crientaticn  of  tie 
particles  titi  a  "fees  to  face"  arrangement. 
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Jcr  as  expansive  soil  to  swell  the  moisture  content  of  the  soil 
trust  increase.  Toe  degree  to  which  the  change  in  moisture  content 
vi.il  charge,  given  an  opportunity  by  the  environment,  depends  upon 
the  soils  demand  for  voter. 

its  evaluation  of  the  soils  thirst  for  water  is  at  best  a  very 
complex  rrrhlem  srd  a  rigorous  division  of  all  the  forces  involved 
into  individual  components  (adsorption,  osmotic  pressure,  capillary 
menisci,  air  pressure,  predominant  cation,  exchange  capacity,  etc.) 
has  net  been  sufficiently  developed  to  the  point  of  practical  appli¬ 
cation  (l).  However,  the  total  net  effect  resulting  from  all  of 
these  forces  mss  led  to  the  use  of  soil  suction  as  a  method  to  evalu¬ 
ate  a  total  demand  of  the  soil  for  water. 

Satisfying  this  thirst  in  an  expansive  soil  will  result  in  a 
volume  charge,  the  degree  of  which  is  dependent  upon  not  only  the 
reluct i cm  of  the  soil  suction  but  also  upon  certain  physical 
properties  in  the  initial  condition  of  the  soil  (density,  micro- 
structure,  external  loading).  For  simplification  the  literature  per¬ 
tinent  to  this  study  has  been  divided  into  two  sections  (a)  soil 
suction  and  (b)  physical  properties  of  the  soil. 

Soil  Suction  In  nature,  the  soil-moisture  regime  is  in  equili¬ 
brium  'with  the  environment  even  though  this  equilibrium  may  be  a 
dynamic  one.  In  a  partly  saturated  soil,  that  is,  a  three  phase 


7 


system  of  air,  vater,  and  soil,  this  equilibria  cart  best  be  de¬ 
scribed  in  terns  o3‘  soil  suction.  The  soil  suction  has  been  defined 
as  the  sun  of  capillary  and  osmotic  suction  pressures,  and  is  alvays 
a  negative  value  with  respect  to  atmospheric  air  pressure. 

The  soil  suction  may  reach  very  high  values  and  is  greatly  in¬ 
fluenced  by  snail  changes  in  moisture  content.  Values  of  soil  suc¬ 
tion  up  to  100  psi  have  been  reported  for  soils  in  the  range  of 
moisture  contents  encountered  in  engineering  work.  In  very  dry  soils 
values  exceeding  100,000  psi  may  exist  (5)- 

A  suction  profile  is  established  in  the  partly  saturated  soil 
and  is  dependent  upon  several  environmental  factors  which  include 
depth  to  the  water  table,  climate  (rainfall  and  relative  humidity), 
and  vegetation.  The  climatic  conditions  are  responsible  for  the 
majority  of  the  changes  in  soil  suction  in  natural  soils.  The  arid 
and  semi-arid  areas  of  the  world  have  the  most  pronounced  seasonal 
variations  in  rainfall  and  consequently  are  the  areas  where  expansive 
soils  create  the  most  problems  (6).  The  depth  of  this  zone  of 
seasonal  moisture  fluctuations  will  vary  from  location  to  location 
and  is  dependent  upon  the  type  and  condition  of  the  soil,  extent  of 
:e&sonal  variation,  etc.  The  resultant  effect  of  these  moisture 
changes  is  a  corresponding  reduction  (wetting)  or  increase  (drying) 
in  the  soil  suction,  which  may  he  accompanied  by  swelling  or  shrihk- 
i  g,  respectively,  in  an  expansive  soil. 


Cnee  the  soil  surface  is  covered  by  ah  impermeable  cover  (read,, 
building ,  etc.),  this  oelshre  betseeh  ciirste  ard  soil  suction  is 
charged.  She  loss  of  vgter  by  evaporation.  can  no  longer  occur  a?  it 
is  presented  by  the  irpemeable  cover.  P.  rev  suction  profile  vill 
then  occur  eve*-  a  period  of  tire  fine  to  a  gradual  increase  in  mois¬ 
ture  content  tihfier  the  vacility,  resulting  in  a  decrease  in  the 
soil  suction. 

She  sice  and.  . shape  of  the  cover  still  also  determine  the  extent 
to  vM.cn  the  suction  profile  •gill  change.  In  the  case  of  long  ana 
rar row  coverage  (read  or  the  coil  suction  at  the  center  re¬ 

mains  less  than  the  edges,  vkile  the  edges  are  subjected  to  consider- 
able  fluctuations  caused  by  seasonal  climatic  conditions.  Under  a 
large  souare  building,  cd  the  other  hand.,  the  suction  profile  rill 
rerain  core  uniform  daring  seasonal  daaeges,  however,  the  edges  ex¬ 
perience  the  same  fringe  fluctuations.  A  cuilfiirg  is  sensitive  to 
man’s  influence  by  planting  and  watering  of  vegetation  along  the 
edged  of  ;a  building?  poor  drainage  of  the  area  adjacent  to  -the  build¬ 
ing  or  leakage  of  water  free,  the  piping  system  servicing  the  facility 
vhi cli  will  cease  Idcailtea  decreases  in  the  suction  profile.  In  all 
cases  the  development  of  different  suction  profiles  in  an  expensive 
soil  vill  lead  to  possible  expansion  or  shrinkage ,  creating  a  differ¬ 
ential  volume  change  and  resulting  in  damage  to  the  facility. 

While  the  change  of  soil  suction  in  an  expansive  clay  is  known 
to  have  a  direct  bearing  upon  the  resulting  swell  of  the  clay,  the 
ability  to  define  its  influence  has  been  severely  hampered  by  the 
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lack  cf  a  cut credent  laboratory  method  to  measure  soil  suctions  ex¬ 
ceeding  about  12  rsl.  while  at  the  same  tins  subjecting  the  sample  to 
an  external  loan,  as  It  weald  be  is  the  field  (6).  Consenuennlr  the 
rale  that  charging  soil  suctions  play  in  the  swelling  behavior  has 
not  been  clearly  defined.  Se  importance  of  this  factor  was  empha¬ 
sised  by  Gibbs  (7)  in  summarizing  the  "Status  of  the  Sc t  of  Dealing 
•with  World  Problems  cn  Expansive  Clay  Soils"  by  stating 

.  ."evaluation  of  the  suction  pressures  of  forces  ,‘j  unsatu- 
rated  soil  might  be  very  closely  related  to  the  problems  in 
expansive  days,  and  that  one  of  the  approaches  to  the  prob¬ 
lem  of  expansive  clays  would  be  to  correlate  these  suction 
forces  vith  heaving." 

Measurement  of  soil  suction  The  gain  difficulty  in  measur¬ 
ing  suction  pressures  is  that  the  water  in  the  measuring  system  tends 
to  cavitate  at  pressures  of  approximately  -1  atmosphere.  To  overcome 
this  limitation  the  technique  of  "Axis  Translation"  has  been  devel¬ 
oped  by  Hilf  (8).  In  this  method,  the  pore  air  pressures  are  in¬ 
creased  until  the  soil  suction  pressure  can  be  measured.  The  radius 
of  curvature  of  the  air-Vcter  menisci  does  not  appear  to  change 
significantly  as  the  air  pressure  Is  increased,  thus  the  difference 
between  the  final  air  and  water  pressures  equals  the  initial  suction 
pressure  in  the  soil.  Several  investigators  (8,  9,  10.)  have  examined 
the  accuracy  of  the  axis  translation  technique  and  found  it  valid 
within  the  range  of  experimental  error  for  t'ie  usual  values  of  applied 
air  pressures  of  less  than  200  psi.  Fig.  2  shows  the  experimental 
values  obtained  by  Olson  and  Langf elder  (5)  >  the  experimental  line 
has  a  slope  of  1*5.5°  instead  of  U50  which  is  well  within  the  range  of 
experimental  error. 
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Figure  2.  Measured  Pore  Water  Pressure  -versus  Applied 
Air  Pressure  (After  Olson  and  Langfelder) 

Gibbs  and  Coffey  (ll)  used  the  axis  translation  technique  in 
developing  a  nerh.sc!.  to  measure  initial  suction  pressures  in  specimens 
that  were  later  used  in  tri axial  shear  testing.  Their  procedure  used 
a  pressure  cell  in  which  an  all  around  air  pressure  could  he  applied 
to  the  soil  sample.  The  test  specimen  did  not  completely  cover  the 
high  air  entry  ceramic  stone  so  that  the  air  pressure  also  acted  on 
the  ceramic  stone.  They  observed  that  about  75?  contact  between  stone 
and  soil  gave  reasonable  time  periods  for  equilibrium  to  be  reached 
between  the  applied  air  pressure  and  measured  water  pressures. 


Olson  and  IggfgKsr  (5)  sicSied  tie  soil  suciicn  cf  cceggasted 
cl^s.  Trey  observed  very  sigh  values  of  soil  suction  ca  see  dry 
side  of  cpiisas  moisture  cost  sot.  She  slope  of  "tie  carve  in  'Sig.  3  ' 
is  of  interest  as  It  illustrates  loir  <rron  differences  is  soiling 
saolslsre  content  C2n  greatly  ltiflaer.ee  the  resulting  .sail,  sncti.cn- 
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Sgure  3*  Measured  Pore  Water  Eressure  versus  Water  Content 
for  Steading  Ccspaction  (After  Olson  and  Langfelder) 


Soil  suction  influence  in  swell  The  correlation  between 


soil  suction  and  swell  is  hot  well  documented  in  the  existing  litera 
fure.  The  main  emphasis  has  “been  to  relate  the  change  lit  moisture 
convent  which,  while  important,  may  not  be  as  significant  as  the 


’  initial  soil  sactiae  at  that  adsiwe  content.  Tstf  aaarn  essoges  in 

O  :  - 

aaiftarg  caoteor  (l  to  2J)  can  csase  detriments!  swelling  order  light 
fcaodatioes  (12/-  2beie  mil  chaegrt  is  moists*  fsctest  bare  a. 
significant  effect-upon  the  seal  sactioa^  and  perhaps  the  soil,  saa- 
tion,  or  acre  specifically  the  charge7 is  ssii  snezdcc,  wrold  provide 
a  none  exact  parameter  in  determining  tie  swelling  potential  of  fi- 
pansive  soils. 

In  analyzing  the  swell  as  the  soil  sucticc  is  released  there 
appears  to  he  two  nic  aechariaas  that  ce&re  swell.  '  Sizst,  the  re- 

O  -  .  -  -  -  -  .  J  '  - 

-  ductioc  of  capillary  tensions  arny  cot. tribute  m  man  mec& psieai  type 
of  swelling,,  that  is,  the  elastic  rehousd  of  day  particles  which  a ay 

-  hare  been  defecated  at  highvalaes  of  soil  sucticc.  She  magnitude  of 
this  conpccent  of  swell  is  normally  small  (13).  - 

The  second  xedunisa  is  that  of  the  uptake  of  rater  molecules 
by  the  double  layer  to  satisfy  the  osmotic  pressures  created  by  the 
imbalance  in  ion  cone  entrations  in  the  clay  micelle  and  pore  water. 
The  addition  of  water  to  the  day  micelle  increases,  its?  size  and 
'  therefore  creates  swell.  This  type  of  expansion  is  referred  to  as 
osnotic  swell  and  is  perhaps  the  most  important  mechanism  cansing 
swell  (l).  The  soil  b-I  celle  will  continue  to  take  on  additional 
water  molecules  pushing  the  particles  further  apart  until  the  osmotic 
pressures  are  satisfied  or'  until  they  coce  into  equilibrium  with  the 

-  '  -  -  N 

forces  tending. to  push  the  pjarticles  together. 

in  comparing  the  relative  strengths  of  osmotic  and  capillary 
pressures,  Mitchell  '(lb),,  has  shown  that  for  relatively  large  pores 
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t3.5?J  tie  tso  forces  are  cf  tae  toe  coder  '*±52*  waller 

P-TS'  sizes  brljr  0-2a»  tbe  cagillrry  pu.eu~a.es  say  £e  cea  tie  order  cf 
tea  tires  ti*t  cf  t2ae  osnotir  geessase. 

Ebe  iofiaszre  ef  caaetaa- swell  ias  beec  fe«a*qf  s-grgrmi  Isbu^t 
getcrs  iy  csiag  imparted  djys  (15,  l£J.  Sbe  swell  far  *— Cas¬ 
par  tel  wst  cf  cgtizEsc  aeastsae  eoetect  las  bees  redaced-or  eawpletelj 
pocreried  hy  wllosirg  tie  saaq&e  -$o  ia&fbe  wsser  wiSi  a  clgjlh  iaa  :caa- 
esrtaeilcts,  lira,  gfgmstrwtfag  that  n&ea  tie  dodfcSe  layer  drmrd  cf 
tie  clay  Is  nearly  satisfied  (*s  la  tbs  esse  ef  wet  cf  Gpitsoa  add¬ 
ing  -spier  carterisl  petechial  swell  is  pedaaeily  a  fgartiee  ef 
csacsic  drnrha  ho  balaasg  tie  clay  nacelle  wider  wed.  wa  water  lest 

i-j’f  tfyji  -rrj . 

lie  canperted  cl.y  sacgles  iy  ef  p^tizuti  is*e  sees  shows  to  ex— 
pezieoce  sigsificast  swell-  She  -fafSnrBre  of  rgtjgdirg  swell  hy  Mjh 
iaa  ggasestrwslaa  5a  tie  pere  water  is  less  effecti-re.  Snenr,  ceo- 
sid-efigg  Sat  ether  affcr.srisrg  ope'-  irrmlTed  this  w cc£Id  appear  Itgicsl. 
1*33.  Ci55  is  sssljrisg  iiis  caoiition  teHeres-  last  a  caBcbSastioD  cf 
farters  arnst  ccstzifeshe  to  tie  swell-  Sbe  iaramzleig  dereltanert  of 


t he  dozale  layer,  tie  effect  of  tie  electrical  force  field  on  -stater 
scclecsles,  effect  of  catioa  iyaratim  as  well  as  tie  elastic  rebcesd 
of  deferped  particles  csali  all  ccrtrihate  to  tie  ssreljL. ' 

JJs  pointed  oat  earlier,  tie  rejajjgr.shn  p  that  redaeing  seal 
snct2.csa.Jbs3  era  swelling  iehgricr  iss  cot  "beea  defined  trader  loaded 
ccrditicEs.  Severer,  tie  recast  derelcriroerrt  of  tie  Bishop  ©ednneteE, 
gri eerily  as  an  isprorsment  to  the  standard  cccsolicsticc  -best,  has 


8o  geribca  swell  lest*  cssSer  aessarel 


sd!  sartincs  ifcHs  s±££«r±irs  8se 


abe  xzfjs 


?Ttg==g-a>e 


■*±2ba  Ban  as  adr 


aym*  gtiSsje  cf  tifafe 


to  grcariHeS  external 


r  Ski  farrsaKed  by  asing 
is  aoiifSsd  by  rss- 


ca*  sice*  *  Ugh  *=3ry  «ua>r  sicce 
r  x»S ae  greeter  82a*a  82*  applied  air  pressares 


syslee. 


2-  15*  *s5!l,s  total  (Snmfeafl  fbr  w^ier  Is  'best  excesses  Sa  te: 
-  cf  ac53.  sscilcc.  15*  S^SsaS^at:!  eacgeeartas  tanaddag  icil 
santisaa  ^esssres  iatrc  ant  bees  ss£££caejsi3r  (jereirped  to 


iatrc  adt  bees 


■82*  prist  cf  practical  a^gSicstjas- 
2.  Jtey  charge  to  t3*  existing  egaUIfcrlau  between  82*  sacrlaa 
ia  *  sail  sal  its  esTrSrsjanest  fiisjersiccs  ccrer,  leading? 
-soil  charts  tbe  sactSoa  pnriESLei.  2Ms  charg?  aragr  result  it 
a  TaSageSrie  Irsrrease  cr  decrease  cf  82*  asass- 


3-  She-  jg£23gaae  that  a  redaction.  Ia  sastioa  has  -open  an  erps: 
sire  sell  Is  S8ctq  to  hsse  a  bearing  upcc tie  sw31 

leg  Gehssicr-  So  date  ccrrelsilm  ef  soil  sacticc  ard  swe 


.  la  sastica  has  apca  as  expo: 


leg  bossier-,  So  date  ccrralatinc  ef  soil  sac43.cc  and.  sure 
has  been  Haljbsd  ch*  to  Titr'r  cf  techniques  to  investigate 
tbls  laHaeace. 

b.  ibe  axis  translation  technique  of  increasing  xhs-  pore  air 
pressure  has  been  &  successful  aetind  of  measuring  soil  sv 
taxes-  r.laitaticns  to  tie  ssgnituie  of  tie  soil  suctions 
aasasared  are  dependent  upon  tie  air  entry  pressure  of  the 


ceramic  stcne  used.  Initial  soil  suction  pressures  up  to 
2&D  psi  have  been  reported.  .  _  - 

Shrsleal  rrcuer ties  The  physical  condition  will  play  an  inpor- 
tsat  role  In  determining  tee  amount  of  volume  change  in  expansive 
soils-  The  physico-chemical  properties  including  the  influence  of 
the  type  and  amount  of  exchangeable  ions  present  in  the  soil  and  the 
tyre  and  amount  cf  clay  minerals,  while  very  important ,  have  been  the 
subject  of  recent  investigation  and  the  reader  is  referred  to  Holt 
(IT)  for  a,  cccfirehessive  treatment.  This  section  will  concern  itself 
sore  with  those  properties  which  effect  swell  considering  the  initial 
comdltica  of  the  soil.  She  more  important  factors  include  soil  den¬ 
sity,  external  loading  and  the  soil  aicrostracture  (13). 

Bensity  She  soil  density  is-  fen  important  factor  which  .in¬ 
fluences  the  amount  of  volume  expansion.  She  higher  the  density 
(closer  particle  spacing)  the  core  particles  are  contained  per  unit 
volume.  *1015  causes  a  higher  degree  of  interaction  between:  the  clay 
particles;  double  layers  and  therefore  higher  repulsive  potential 
between  particles.  As  water  is  imbibed  -into  the  soil  these  repulsive 
forces  push  the  particles  apart  and  result  in  a  larger  expansion  as 
the  initial  density  becomes  greater..  The  change  in  swell  with  respect 
to  density  for  a  compacted  clay  is  shown  by  Fig.  t.  Also  illustrated 
is  the  influence  of  the  molding  water  content.  Comparing  the  densi¬ 
ties  produced  at  a  moisture  content  of  20%,  it  can  be  seen  that  a 
density  of  about  95  lbs/cu  ft  has  a  volume  change  of  6%  whereas  a 
density  of  80  lbs/cu  ft  swells  only  about  3.5$. 


MOLDING  WATER  CONTENT  (%) 


Figure  4.  Percentage  of  Expansion  for  Various 
Molding  Water  Contents  (After  Holtz  and  Gibrs) 


UNDISTURBED 
Fresh  V/crter  Deposit 


REMOLDED 

Figure  5.  Particle  Orientations  in  Clays  (After  Larabe) 


whereas  a  fresh  water  nicrostructure  will  have  a  more  face  to  face 
orientation  or  oriented  nicrostructure .  Whether  or  not  actual  con¬ 
tact  "between  the  Mineral  surfaces  does  occur  is  still  a  subject  of 
discussion. 

It  seems  reasonable  to  accept  that  some  form  of  semi-solid  con¬ 
tact  is  established  either  "between  mineral  to  mineral  or  through,  a 
few  Angstroms  of  very  strongly  adsorbed  water,  with  the  latter  being 
the  more  likely  case. 

The  adsorbed  water  on  the  surface  of  the  clay  mineral  cas  been 
shown  by  several  investigators  (22,  23,  2b3  25,  26)  to  exist  in  a 
state  much  different  from  free  water.  While  the  thickness  is  a 


subject  of  disagreement,  all  agree  that  the  water  closest  to  the 
clay  particle  shows  the  greenest  difference  in  its  properties  from 
that  of  free  water,  and  is  held  to  the  clay  particle  by  great  forces. 
Eolt  (22)  showed  with  consolidation  tests  on  clays  having  essentially 
parallel  orientation  that  the  average  spacings  between  particles 
continued  to  decrease  with  pressures  up  to  100  atmospheres.  This 
illustrates  the  extreme  difficulty  in  extruding  all  the  water  from 
between  the  clay  particles. 

Microstructure  produced  by  compaction  The  influence  of 
the  clay  microstrueture  upon  the  engineering  properties  of  a  soil 
has  been  studied  by  several  investigators  by  using  compacted  samples 
Lambe  (2,  13)  in  two  excellent  papers  on  compacted  clay,  has  pre¬ 
sented  the  concepts  which  have  been  generally  accepted  as  to  the 
nature  of  the  microstructure  produced  by  compaction  at  various 


rolled  water  cent enhs.  A  floor slant  zzL cms imm.i-.2ze  is  rrommioed  with 
water  contents  ary  of  cpidmr.  Hd  <=■■  is  a  result  c?  tie  inccrriete 
water  fairs  aremd  tie  clay  particles  ssia  irortsses  tie  tendency 
of  tie  ssfl.11.  particles  to  for:  floes  vtn.ch  are  cot  crcisn  doss  during 
compaction.  As  tie  vater  content  increases  tie  vater  fairs  ere 
increase!  and  tie  particles  esn  better  align  tiers  elves  (face  to  face) 
oaring  tie  process  cf  eczpscticz.  His  effect  in  ildrstsated  in 
Sig.  5. 

He  advantages  of  using  corrected  clsy  sarnies  in  studying 
ricrcstmctare  are  nary.  He  grinary  advantage  is  that  two  different 
ricrcstractares  can  be  produced  vita  a  fairly  uniform:  composition. 

Si us,  tie  study  of  tie  ricrcstructore  is  possible  without  tie  effect 
of  layering  which  viil,  occur  during  natural  deposition. 

Seed  and  Chan  (2?)  found  that  tie  type  of  compaction  ray  lave 
a  considerable  influence  upon  the  resulting  mmicrcstruciure  ilen  ccr- 
g-acied  vet  of  optima  uoisture  content.  Sarnies  compacted  iry  of 
optim  vill  normally  retain  their  flccculent  nature  as  tie  type  of 
compaction  vill  not  destroy  tie  orientation.  Hey  found  that  Ineed- 
ing  and  impact  compaction  appeared  to  produce  a  core  dispersed  struc¬ 
ture  vet  of  optimum.  Hey  reasoned  that  greater  induced  shear 
strains  by  these  tvo  types  of  compaction  caused  the  particles  to 
becone  oriented  thus  increasing  the  degree  of  "face  to  face" 
arrangements  none  than  static  or  vibrating  compaction. 

Seed  et  al.  (28)  in  a  study  of  the  svell  and  swell  pressures 
of  compacted  clays,  concluded  that  the  mdcrcstructure  was  one  of  the 
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major  variables  controlling  the  swelling  behavior.  -Measurement  of 
the  microstmcture  was  done  indirectly  based  upon  shrink-swell 
characteristics  of  the  compacted  samples.  The  more  flocculent 
(compacted  dry  of  optimum  water  content)  microstructures  had  con¬ 
sistently  higher  swelling  pressures  and  the  largest  volumetric 
increase. 

Russam  and  Coleman  (29)  studied  the  compression  and  expansion 
characteristics  of  chemically  prepared  flocculent  and  parallel 
oriented  microstruetures .  These  results  tend  to  support  the  earlier 
concepts  of  how  the  microstructure  will  influence  the  swelling 
behavior  of  clays. 

There  is  little  direct  evidence  of  the  microstmcture  produced 
by  compaction.  Aylmore  and  Quirk  (30)  studied  the  microstmcture  of 
clay  by  electron  microscopes  and  advanced  the  concept  of  multi¬ 
grain  formations  in  which  domains  of  oriented  particles  were  ar¬ 
ranged  in  a  random  maimer  or  "turbostratic  groups.”  Sloane  and  Kell 
(31'}  studied  tbe  microstructure  of  a  pure  kaolinite  which  had  been 
compacted  by  several  methods.  They  used  the  technique  of  Aylmore 
and  Quirk  (32)  to  prepare  platinum-carbon  replicas  for  electron 
microscope  studies.  The  samples  were  air  dried  prior  to  study  and  ■ 
the  degree  of  disturbance  to  the  microstructure  by  this  process  is 
unknown  but  could  be  significant.  By  studying  thin  sections  under 
an  electron  microscope  they  observed  that  the  microstmcture  was 
more  of  an  oriented  aggregate  of  particles  or  packets  which  was 
termed  a  ’’bookhouse”  microstructure  as  being  more  descriptive 
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(Jig.  7)-  Se  degree  of  packet  orientation  increased  with  the 
molded  water  contents;  however ,  the  particle  orientation  in  the 
packets  did  not  appear  to  he  significantly  changed.  They  did  observe 
various  zones  of  orientation  near  the  surface  of  the  compaction 
hammer  which,  extended  as  long  chains  of  orientated  packets  forming 
shallow  trajectories  in  the  compacted  clay  zoo s.  This  supports  the 
concept  of  Seed  (27)  that  the  shear  strains  induced  in  the  3oil 
daring  the  compaction  process  increased  particle  orientation. 

Clay  nierostructure  identification  The  identification  of 
the  particle  arrangements  which  exist  in  soil  have  been  advanced 
significantly  with  the  development  of  methods  to  evaluate  the  micro- 
structure.  The  most  common  methods  that  have  been  used  are  X-ray 
diffraction,  petrographic  microscopy  and  transmission  electron 
microscopy.  The  early  work  of  Mitchell  (16)  using  petrographic 
microscope  techniques  and  the  electron  microscope  studies  by 
P.csenqvist  (28)  have  generally  confirmed  the  validity  of  the  concepts 
of  flocculent  and  oriented  particle  arrangements  in  natural  sediments. 

Use  of  the  X-ray  diffraction  techniques  for  particle  orientation 
has  been  done  by  Brindley  (33,,  34)  and  Martin  (35)-  Their  work  was 
done  to  ensure  complete  randomness  of  clay  particles  so  that  X-ray 
diffraction  patterns  could  be  used  as  a  quantitative  method  of  deter¬ 
mining  amounts  of  the  various  clay  minerals  present. 

Kaarsberg  (36)  used  X-ray  diffraction  techniques  to  study  the 
natural  consolidation  effect  of  particle  orientation.  He  found  that 
the  particle  orientation  increased  with  depth  for  shales  studied 
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Figure  7.  Book-Clay  Packet  Analogy  (After  Kell) 


25 


which  were  buried  27 DD 


cvercurus 


method  developed  to  csupare  crleniaricms  vas  cased  umem  tee  ratio  cf 
[C£2)  basal  sod  {ill.}  prismatic  refract! am  szadss  sad  calk  iemsl— 
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criemtaiich  in  days.  In  his  analysis  he  used  a  ratio  vbici  ear- 
cared  the  basal  sea  crisretic  peak  Intensities  of  a  sample  normal  to 
bedding  to  these  o?  a  sarnie  tsien  parallel  to  the  bedding-  -Sis 
would  tend  to  eliminate  ether  factors:  which  might  affect  the  pcah 
intensities  for  different  samples  such  es  particle  sice,  chemical 
ccnpositicn-,  and  degree  of  crystallinity. 

Other  investigators  {38,  39)  have  also  successfully  rsed  1-ray 
diffraction  technidces  to  determine  particle  orientation  In  natural 
sediments.  These  netneds  all  involve  relationships  of  basal  end 
prismatic  peat  intensities.  Oden  (*j0)  used  a  method  involving  only 
a  comparison  of  basal  intensities  for  parallel  and  normal  samples. 

It  Is  felt  that  this  method  mast  be  ow  n  to  criticism  as  the  varia¬ 
bility  between  samples  previously  mentioned  may  influence  the  re¬ 
sults  and  interpretation  of  the  degree  of  orientation. 

Perhaps  the  most  detailed  visual  evidence  of  particle  orien¬ 
tation  has  been  provided  by  transmission  electron  microscopy.  The 
raicrcstructure  of  marine  deposits  has  received  particular  attention, 
since  the  open  structure  can  be  easily  studied  by  this  method.  The 
dense  deposits  provide  seme  difficulty  in  interpretation  as  the 
particles  are  so  closely  packed.  The  largest  drawback  to  this 
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mefesi  is  in  the  ss^s  rrapsraiicn.  fie  sample  must  be  impregnated 
with  E"?  z'^tstzzrs  to  rerinre  tie  water  pricr  to  cntsing  ultra  this 
ss-cticns  ~~~~g  ti nmmrd  micmrens  halves,  fie  croblens  associated 
with  this  complex  preparation  to  prevent  destruction  of  the  existing 
mi  arcstmettre  hare  largely  teen  res  alvei  'ey  Pas  ah  (IQ)  and  Howies 
{hlX  Both  have  used  nitrogen  sublimation  to  remove  the  water  before 
impregnating  the  samples  with  various  compounds  to  provide  the  re¬ 
quire!  rigidity  of  the  sample  for  thin  section  preparation. 

A  recent  advancement  in. the  field  of  electron  microscopy  has 
been  the  development  of  a  Scanning  Electron  Microscope.  Image  for¬ 
mation,  in  the  case  of  the  Scanning  Electron  Microscope,  differs  from 
feat  of  the  conventional  electron  microscope  and  optical  microscope , 
whose  images  are  formed  directly  by  lenses,  in  that  the  image  is 
formed  on  a  cathode  ray  tube  after  first  converting  information  from 
fee  specimen’s  surface  into  a  train  of  electrical  signals.  In  the 
Scanning  Electron  Microscope,  a  finely  focused  electron  prohe  scans 
the  specimen  under  study  by  bombarding  the  specimen. 

Data  is  then  accumulated  from  many  points  to  build  up  a  repre¬ 
sentation  of  the  area  being  viewed  as  the  prohe  strikes  only  one 
point  on  the  specimen  at  a  time.  At  the  same  time,  the  cathode  ray 
tube  is  scanned  in  synchronization  with  the  electron  beam  so  that 
each  point  on  the  cathode  tube  represents  the  same  point  on  the  area 
being  viewed,. 

Generally,  the  Scanning  Electron  Microscope  is  characterized 
by  a  great  depth  of  focus,  high  resolving  power,  simple  preparation 
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of  specimen  and  lev  intensity  of  incident  electron  probe. 

The  great  depth  of  focus  is  a  very  desirable  feature  for  micro- 
structure  York,  as  a  larger  range  of  particle  sizes  can  be  kept  in 
focus.  The  other  main  advantage  of  the  Scanning  Electron  Microscope 
is  in  sample  preparation.  Relatively  large  samples  can  he  used, 
thus  eliminating- the  need  to  use  more  sophisticated  and  time  con¬ 
suming  techniques  to  prepare  ultra  thin  sections  required  for  the 
transmission  electron  microscopy  work. 

The  use  of  Scanning  Electron  Microscopy  is  continually  broad¬ 
ening  into  various  fields.  The  use  as  a  tool  for  aicrostructures 
has  not  been  extensive.  A  recent  paper  by  Borden  and  Sides  (42)  is 
perhaps  the  first  application  to  soils  engineering.  They  invest!-^ 
gated  the  influence  of  microstructure  on  the  collapse  of  compacted 
clay.  They  evaluated  various  techniques  of  sample  preparation  in¬ 
cluding  numerous  impregnation  agents,  methods  of  fracturing  the 
sample  and  treatments  of  the  fractured  surface  prior  to  coating  with 
a  conducting  substance.  Of  interest  is  the  fact  that  the  final 
technique  used  was  air  drying  the  sample  prior  to  fracturing  the  sur¬ 
faces'  to  he  viewed.  They  concluded  the  air  drying  did  not  cause  a 
significant  distortion  to  the  microstructure. 

Summary 

(a)  Generally,  it  can  he  stated  that  the  higher  the  den-' 
sity  of  the  expansive  soil  the  greater  the  swell  that  will  occur. 

(h)  The  magnitude  of  the  external  loading  placed  upon  an 
expansive  soil  will  influence  the  resulting  swell.  If  the  load 
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applied  to  the  soil,  is  equal  to  the  swelling  pressure  developed,, 
no  swell  will  occur. 

(e)  The  concepts  of  flocculent  and  parallel  orientation  of 
clay  particles  in  natural  clay  deposits  has  generally  "been  confirmed 
by  various  techniques  including  X-ray  diffraction,  electron  micros¬ 
copy  and  petrographic  microscopy. 

(d)  The  influence  of  the  soil  microstructure  upon  the  engi¬ 
neering  properties  of  a  soil  has  been  largely  inferred  from  its 
physico-chemical  properties. 

(e)  The  microstructure  in  compacted  clays  is  controlled  by 
the  molding  water  content  and  the  c  cap  active  effort.  A  flocculent 
microstructure  is  produced  on  the  dry  side  of  optimum  moisture  con¬ 
tent  and  the  degree  of  orientation  will  improve  as  the  molding  water 
is  increased.. 

(f )  The  recant  concepts  in  microstructure  evaluation  are 
toward  a  multi-grain  or  packet  formation  in  which  the  particle  orien¬ 
tation  is  not  changed  by  mechanical  manipulation  (compaction)  but 
rather  the  packets  themselves  are  oriented  in  either  a  flocculent  or 
dispersed  orientation. 

(g)  The  type  of  compaction  may  influence  the  degree  of 
orientation  significantly  on  the  vet  side  of  optimum  moisture  content. 
Kneading'  and  impact  compaction  may  produce  a  higher  degree  of  orien¬ 
tation  than  static  compaction. 

(h)  The  effect  of  particle  orientation  upon  the 'swelling 
characteristics  has  been  limited  to  indirect  observations  without  an 
attempt  to  determine  the  actual  microstructure  by  visual  or  other  means. 
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MATERIALS  A5D  TEST  PROCEDURES 

A  highly  ex_>ansive  clay  soil  which  contained  a  significant 
amount  of  Eontcoid.llcni.te  vas  selected  for  study  to  meet  the  stated 
objectives. 

The  soil  used  vas  a  San  Saba  Clay  obtained  from  Bosque  County, 
Texas.  This  material  vas  sampled  free  a  cultivated  field,  1.2  miles 
northwest  of  the  intersection  of  State  Highway  17**  and  Farm  Road  927 
near  Morgan,  Texas  (Fig.  8).  The  .material  is  dark  gray,  has  a  black- 
granular  structure r  and  Contains  a  limited  amount  of  visible  organic 
matter.  To*  soil  vas  sampled  from  a  depth  between  6- 16  inches . 

The  San  Saba  Clay  vas  then  air  dried,  pulverized  and  the  soil 
fraction  passing  the  U.  S.  Ho.  *40  sieve  vas  utilized  in  the  testing 
program.  Frier  to  use,  the  clay  vas  modified  by  the  addition  of 
five  percent  on  a  dry  weight  basis  of  a  relatively  pure  highly 
crystalline  kadllnite  clay  obtained  commercially  from  Dresser- 
Industries,  Kosse.,  Texas.  The  addition  of  the  kaolinite  clay  vas 
required  to  enhance  the  study  or  the  microstructure.  The  kaolinite 
vas  predominantly  of  clay  size. 

To  assure  that  a  uniform  mixture  of  kaolinite  and  San  Saba  Clay 
was  obtained  and  also  that  the  kaolinite  particles  would  become  an 
integral  part  of  the  soil  matrix,  the  following  procedure  was  used. 
After  combining  the  two  soils  in  an  air  dry  condition,  water  was 
added  in  a  fine  mist,  and  they  were  mixed  by  hand.  The  soil  was  then 
placed  in  double  plastic  bags  and  stored  for  a  period  of  at  least 


seven  days  in  the  moist  room.  The  soil  was  then  compacted,  broken  up 
and  allowed  to  dry  at  room  temperature.  After  drying,  the  soil  was 
again  pulverized  to  pass  the  U*  S.  Ro.  ^0  sieve  and  the  procedure  re¬ 
peated.  The  kaolinite  lost  its  white  appearance  and  could  no  longer 
he  distinguished  from  the  other  soil  particles.  This  indicated 
uniform  soil  matrix  was  obtained. 

The  soil  mixture  will  henceforth  he  referred  to  as  San  Saha  Clay. 

Test  Methods  All  laboratory  testing  was  performed  on  the  campus 
of  Texas  A&M  University  with  the  exception  of  the  clay  racrostructure 
study  using  the  Scanning.  Electron  Microscope.  The  Scanning  Electron 
Microscope  used  was  provided  by  the  Southwest  Institute  of  Advanced 
Studies  located  in  Richardson,  Texas. 

The  facilities  utilized  at  Texas  A&M  University  included 
Department  of  Civil  Engineering,  Soils  Mechanics  Division  and  Mate¬ 
rials  Testing  Division  Laboratories ,  the  Department  of  Agronomy  and 
Plant  Sciences,  and  Soil  Physics  and  Clay  Mineralogy  Laboratory.  All 
laboratory  tests  were  performed  by  the  author  or  under  his  direct 
supervision. 

Engineering  Properties  Test  Methods  The  following  standard 
engineering  tests  were  performed  6n  the  selected  soil. 

Specific  gravity  The  specific  gravity  of  the  soil  par¬ 
ticles  is  an  important  physical  property  which  is  used  in  most 
mathematical  relationships  where  volume  or  weight  of  the  soil  sample 
is  being  considered.  The  specific  gravity  of  a  soil  is  an  average 
density  of  all  soil  particles  present  and  is  expressed  as  a  ratio  of 
the  mass  of  soil  particles  to  their  volume,  excluding  pore  spaces 


between  particles. 


In  ietermireti cm  of  tie  specific  gravity  for  tie-  soil,  a 
Beckman  Air  Comparison  pycnometer  vas  used.  In  essence,  tie  sir 
pycnometer  utilizes  tie  ssue  principle  as  tie  sbsuiard  licuid  dis¬ 
placement  metis!  (1*3)  except  toot  air  is  used  instead  of  dealred 
vater.  S»  pyccuonster  is  calibrated  directly  so  that  any  measured 
difference  in : tie  tvs  charters,  c_e  containing  air,  tie  ether  tie 
soil  -sarnie,  vill  provide  tie  volume  cf  soil.  Se  particle  density 
of  specific  gravity  'is  then  found  hrevirg  tie  dry  weight  end  tie 
volume  occupied  by  tie  soil  particles. 

Atterb  erg  Licit  s  He  Atierberg  Units  tests  vere  serf  erred 
utilising  tie  standard  ecnipnent  developed  by  Casagrende  (bi)  and 
procedures  as  gives  by  Lenbe  (^3)*  Prior  to  testing,  tie  soil 
samples  vere  allowed  to  become  folly  saturated  by  remaining  in  dis~ 
tilled  vater  for  a  minimum  of  35  boars. 

Mechanical  analysis  He  particle  size  distribution  of  tie 
viole  soil  vas  accomplished  by  sieve  analysis  to  determine  tie  sand 
size  distribution,  while  a  hydrometer  analysis  vas  utilized  to  obtain 
tie  silt  end  clay  particle  size  distributions.  He  standard  proce¬ 
dures  used  are  thess  given  by  lahbe  (b3).  He  clay  particle  dis¬ 
tribution  vas  further  verified  by  fractionation  of  the  2u  -  Q.2p  and 
<0.2ji  clay  particles  during  the  course  cf  the  nineralogical  analysis. 

Method  of  compaction  Kneading  compaction  vas  selected  for 
this  study  since  normally  a  greater  variance  of  micros true*  ere  can  be 
obtained  on  vet  and  dry  side  of  optimum  moisture  contents,  lie  soil 
was  compacted  with  a  California  Kneading  Compactor  and  the  moisture 
content  dry  density  relationship  obtained  for  the  soil. 
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5e  ccmpactive  effort  used  vas  200  psi  foot  pressure,  with  a 
rr.ell  tire  of  0.5  seconds.  The  soil  vas  contacted,  in  five  equal 
layers  vith  25  tamps  per  layer,  in  a  1/33  cu  ft  standard  "Proctor" 
compaction  mold.  _  - . 

To  increase  the  uniformity  of  the  compacted  specimen,  it  vas 
desirable  to  licit  the  formation  of  lumps  as  the  molding  vater  vas 
added.  A  technique  of  adding  the  rolling  vater  in  a  fine  mist  and 
hand  siring  the  soil  vas  found  to  be  successful  in  reducing  the  size 
ana  ■quantity  of  these  lumps.  After  racing,  the  soil  vas  then  placed 
in  dsuble  plastic  hags  and  stored  in  the  moist  roost  for  a  period  of 
at  least  seven  days. 

Compaction  of  sv^l  test  specimens  The  moisture  contents 
to  he  used  for  the  svell  test  vere  selected  from  the  dry  density 
versus  moisture  content  curve.  Points  of  equal  dry  densities  vere 
desired  in  a  range  of  2-5?  on  either  side  of  the  optimum  moisture 
content.  Bie  sane  procedure  of  compaction  vas  used  for  preparing 
samples  for  the  svell  test.  However,  after  nixing  several  hatches 
at  the  sane  moisture  content,  the  moist  soil  samples  vere  combined 
into  a  large  plastic  hag.  After  curing  for  about  three  days,  mois¬ 
ture  content  samples  vere  taken  and  adjustments  made  if  required. 

The  soil  vas  then  returned  to  storage  until  the  seven-day  period  vas 
complete.  Prior  to  the  start  of  a  swell  test,  the  required  amount 
of  soil  for  one  sample  vas  withdrawn  and  the  specimen  compacted. 

The  soil  remaining  in  the  large  plastic  bag  vas  checked  for  moisture 
content  periodically  and  no  changes  were  observed.  The  compacted 
densities  also  remained  constant. 
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Mineralogi cal  -Analysis  bethels 

-X-ray  diffraction  analysis  The  mineralcgieal  composition 
of  a  soil  is  an  important  factor  in  understanding  its  behavior.  The 
X-ray  diffraction  analysis  of  both  the  San  Saba  Clay  and  Kaolinite 
Clay  vas  performed  using  the  techniques  developed  by  Jackson  (1*5)  as 
modified  by  Dixon  (-U6) . 

Pretreatnent  of  the  soil  consisted  of  removal  of  soluble  salts, 
carbonates  and  organic  matter  to  facilitate  fractionation  of  the 
various  particle  sizes.  Fine  sand  particles  vere  separated  by  vet 
sieving  using  a  U.  S.  No.  270  sieve  (0.053  mm).  The  fine  und  coarse 
silt  particles  vere  then  removed  by  successive  sedimentation  using 
centrifuge  techniques.  The  fractionation  of  the  clay  vas  also 
performed  using  centrifuge  methods.  The  following  fractions  vere 
obtained  for  X-ray  diffraction  analysis.  50-5p,  5-2ji,  2jj-0.2(j,  and 
<0.2ji.  The  clay  fractions  vere  then  saturated  with  magnesium  chlo¬ 
ride  and  glycolated  to  optimize  interpretation. 

The  X-ray  diffraction  patterns  vere  obtained  using  a  North 
American  Phillips  high  angle  goniometer  model  instrument  using  a 
scanning  speed  of  1  and  2.  degrees  per  minute  28. 

Soil  Microstructure  Analysis  Methods 

X-ray  diffraction  method  The  principle  involved  in  the 
study  of  clay  microstructure  by  X-ray  diffraction  is  very  simple. 

The  intensity  of  the  X-ray  peak  from  a  particular  crystal  plane  is 
controlled  by  two  factors: 

(1)  Clay  concentration  in  the  irradiated  volume,  aad, 

(2)  Orientation  of  clay  particles  in  that  volume. 
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In  outer  words,  the  diffractometer  can  only  record  reflections 
from  these  crystals  which  satisfy  the  Bragg  equation  and  are  situ¬ 
ated  is  a  plane  parallel  to  the  axis  of  rotation  of  the  specimen. 

He  clay  minerals  present  in  the  soil  used  in  this  investiga¬ 
tion  consist  of  sainly  nsnunsriiloaite  and  kaolinite.  Bue  to  the 
different  moisture  contents  to  be  used  in  establishing  the  nicro- 
structure,  the  nontnorilicnite  did  not  have  well  defined  X-ray 
pesks.  Herefcre,  kaolinite  was  chosen  as  an  indicator  gineral  for 
tarticle  orientation- 

Ha  X-ray  diffraction  peaks  selected  for  the  aicrostructure 
interpretation  were  the  basal  reflection  (002)  and  the  prismatic 
reflection  [223). 

He  rear  ratio  (~3)  as  developed  by  Martin  (36)  was  used  as  one 


ters  used  to  compare  particle  orientation. 


_  (C-C2)  amplitude 
_  (020)  asaiitude 

He  EH  will  indicate  a  change  is  particle  orientation  since  as 
the  clay  particles  become  sore  orientated  (parallel  to  the  compacted 
effort),  the  (132)  basal  reflection  will  increese  and  the  prismatic 
reflection  (€23)  will  decrease.  • 

Zn  order  to  mininiae  the  variatica  tshreeg  the  compacted  samples 
caused  by  the  different  dry  densities  tested  (mineral  concentration) 
a  ratio  of  the  peak  ratios  was  used.  He  Orientation  Satie  (OR)  was 
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She  OR  vill  eliminate  the  differences  between  compacted  samples 
caused  by  variations  in  mineral  and  particle  size  concentrations  of 
the  tested  samples.  This  ratio  will  provide  a  valid  means  of  com¬ 
paring  the  degree  of  orientation  for  the  selected  values  of  dry 
densities  from  the  compaction  curve. 

The  OR  was  then  determined  for  selected  points  on  the  dry 
density  vs  moisture  content  compaction  curve ;  Theoretically,  the 
limits  of  the  OR  would  range  from  1.0  for  a  random  microstructure 
and  approach  zero  for  a  completely  paralls^  oriented  sample. 

The  samples  to  he  tested  were  cut  from  the  center  portion  of 
the  compacted  specimen  with  adjacent  samples  being  cut  in  a  parallel 
and  perpendicular  plane  to  the  compaction  effort. 

Initially,  the  specimens  were  cut  approximately  1.0  x  1.8  inches 
and  O.h  inches  thick.  The  cut  specimens  were  then  placed  in  a  solu¬ 
tion  of  Carbovax  6000  in  a  closed  container  which  was  maintained  at 
60°C  (l6).  All  samples  were  found  to  be  completely  impregnated  after 
remaining  about  five  days  in  the  Carbovax.  The  specimens  were  then 
removed  and  allowed  to  cool  to  room  temperature  before  final  shaping. 
The  samples  were  carefully  ground  using  carborundum  to  an  exact 
thickness  of  0.2  inches  and  approximately  0.9  x  1.5  inches  in  length 
and  width.  Thus,  the  area  which  had  been  disturbed  during  sample 
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cutting  prior  to  impregnation  was  removed..  The  samples  in  their 
final  form  had  two  large  smooth  parallel  surfaces  for  X-ray  diffrac¬ 
tion.  The  specimens  were  then  stored  in  a  desiccator  prior  to  test¬ 
ing. 

Special  specimen  mounting  holders  were  constructed  of  plexi¬ 
glass  to  assure  proper  alignment  in  the  diffractometer  during  running 
of  the  test.  Various  scanning  speeds  were  tried  and  speeds  of  1/2° 
and  1/4°  per  minute  were  selected  as  oeihg  the  "best  for  the  desired 
data- 

Scanning  Electron  Microscope  method  A  JSM-1  Scanning 
Electron  Microscope.,  manufactured  by  Japan  Electron  Optics  Laboratory 
Company,  Ltd.  was  used  in  this  study.  The  mode  of  operation  of  the 
electron  microscope  used  was  secondary  electron  imagery  as  this  mode 
provided  the  highest  degree  of  resolution  in  the  scanning  microscope. 
Once  the  probe  was  properly  focused  on  the  specimen,  the  changing  of 
magnification  or  specimen  orientation  did  not  require  any  change  in 
focus.  This  is  one  of  the  reasons  that  the  depth  of  field  is  en¬ 
hanced  and  improves  the  interpretation  of  scanning  electron  micro¬ 
graphs.  The  depth  of  field  is  one  of  the  most  desirable  features  of 
the  Scanning  Electron  Microscope. 

The  samples  selected  for  study  under  the  electron  microscope 
were  those  of  the  two  selected  moisture  contents  which  corresponded 
to  the  two  states  of  microstructure. 
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Initially,  small  cubic  specimens  were  obtained  from  the  center 
of  the  compacted  sample.  The  specimens  were  then  fractured  both 
vertically' and  horizontally  to  give  approximately  0.3  inch  cubic 
specimens.  The  cubes  were  then  trimmed  and  cut  diagonally  to  give  a 
prismatic  specimen  with  a  base  dimension  of  about  0.25  inches.  Two 
orthogonal  planes  -Which  had  not  been  disturbed  by  cutting  which 
represented  a  surface  parallel  and  one  normal  to  the  direction  of 
compaction  were  then  prepared  for  study. 

The  fracture  surfaces  were  cleared  of  the  layers  of  damaged  and 
reoriented  particles  caused  by  the  fracturing  process  by  a  method 
described  by  Bcrden  and  Sides  (h2)  using  a  number  of  applications  of 
adhesive  tape. 

After  the  surfaces  were  cleaned,  the  specimen  was  mounted  on  a 
special  specimen  plug  and  coated  with  gold  palladium  hy  metal 
evaporation  to  render  the  surface  electrically  conductive  for 
viewing  in  the  Scanning  Electron  Microscope.  Several  other  coating 
metals  were  used,  however,  gold  palladium  provided  the  best  results. 
Samples  were  then  placed  in  the  specimen  chanber  of  the  microscope 
and  viewed  at  various  magnifications  from  600  to  8000  times.  Photo¬ 
micrographs  were  taken  of  selected  representative  areas  and  enlarged 
hy  photographic  means. 


Swell. Test  Apparatus  and  Methods 


The  Bishop  Pedometer  The  Bishop  Oedometer ,  HC1  Hydrauli¬ 
cally  Pressurised  Consolidation  Cell  manufactured  by  WYKEHAM  FARRAHCE 
ENGINEERING  LIMITED,  was  originally  developed  as  an  improvement  to 
the  standard  method  of  running  the  consolidation  test,  A  schematic 
diagram  is  presented  snowing  the  basic  components  of  the  pedometer 
in  Fig.  9.  The  oedometer  with  top  removed  is  shown  by  Fig.  10. 

The  advantages  of  this  type  of  consolidometer  are: 

(1)  It  is  possible  to  measure  pore  pressure. 

(2)  It  utilizes  a  flexible  piston  to  transmit  the 
hydraulic  load  to  the  upper  surface  of  the  soil. 

(3)  It  reduces  the  effects  of  the  side  friction  since 
the  measuring  pad  is  located  in  the  center  of  the 
sample. 

The  only  modification  necessary  to  the  oedometer,  in  order  to 
measure  high  suction  pressures,  is  to  replace  the  standard  porous 
stone  with  a  high  air  entry  ceramic  stone.  This  was  done,  using 
a  5  Bar  ceramic  stone  made  by  the  SoilMoisture  Equipment  Corporation, 
Santa  Barbara,  California  for  this  study.  The  stone  was  then  cemented 
into  the  bottom  of  the  chanber  using  a  high  strength  epoxy  glue 
( E-POX-E  glue  No.  EPX-1,  manufactured  by  Woodhill  Chemical  Company, 
Cleveland,.  Ohio)  which  had  the  desirable  property  of  expanding 
slightly  when  submerged  in  water  for  any  period  of  time. 


I.  HIGH  AIR  ENTRY  CERAMIC  STONE 
2..SAMPLE  RING 

3.  FLEXIBLE  RUB8ER  MEMBRANE 

4.  TAPERED  INTERNAL  RING 

5.  POROUS  STONE 

6.  SMALL  METAL  MEASURING  AREA 

7.  LOADING  YOKE  NUTS 

8.  LOADING  YOKE  ADJUSTMENT  SCREW 

9.  CHAMBER  PRESSURE  RELEASE 
VALVE 


10.  CHAMBER  TOP 
I  (.CHAMBER  CLAMPING  SCREWS 

12.  FOUR  LOCKING  NUTS 

13.  LOCKING  RING 

14.  UPPER  "0"  RING 

15.  SAMPLE  RING  CONTAINER 

16.  LOWER  "O"  RING 

17.  DIAL  GAGE 


Figure  9«  Bishop  Hydraulic  Oedometer 


Once  the  stone  was  cemented  into  place  it  was  saturated  "by 
filling  the  chamber  with-  demineralized,  deaired  water  and  allowing 
tiie  systems  to  remain  under,  high  pressure  for  approximately  2k  hours. 
About  100  ml  of  water  was  then  forced  through  the  stone  to  remove 
any  air  which  was  trapped  in  the  stone  and  had  gone  into  solution 
tinder  the  high  pressure.  The  chamber  was  then  depressurized, 
drained  and  filled  with  air.  The  air  bubbling  pressure  of  the  stone 
was  checked.  It  was  found  that  pressures  of  75  psi  could  be  main¬ 
tained  without  air  bubbling  through  the  stone  and  a  failure  of  the 
measuring  system. 

Supporting  system  In  order  to  meen  the  objectives  set 
forth,  the  following  supporting  system  was  designed  to  provide  the 
control  and  capabilities  desired.  A  schematic  diagram  of  the  entire 
system  is  given  in  Fig.  11. 

Air  pressure  chamber  To  provide  the  necessary  air  pres¬ 
sures  for  the  axis  of  translation  technique  it  was  required  that 
constant  air  pressures  could  be  maintained  for  lengthy  periods  and 
that  these  pressures  could  be  accurately  measured. 

To  meet  these  requirements  it  was  decided  to  use  an  air-water 
pressure  chamber  which  was  connected  fcc  an  air  supply  through  a 
100  psi  pressure  regulator  which  could  maintain  constant  pressures. 
The  water  in  the  pressure  chamber  was  connected  to  the  central  valve 
system  through  a  long  length  of  tubing,  approximately  15  feet.  This 
was  done  to  prevent  contamination  of  the  deaired  water  in  the  rest 
of  the  system  when  pressure  measurements  were  taken. 
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Schematic  Diagram  of  Testing  System 


Load  .and  back  pressure  system  She  use  of  self-adjusting 
mercury  pots  to  provide  constant  pressures  for  long  periods  of  tine 
is  veil  established.  Xf  any  snail  leak  develops  or  a  change  in 
volume  in  the  sample,  the  self-adjusting  spring  on  the  pots  vill 
compensate  and  maintain  the  pressure  at  a  constant  value. 

Two  sets  of  self-adjusting  mercury  pots  vers  used.  One  vas 
utilized  to  apply  the  loading  on  the  specimen  while  the  other  vas 
used  to  apply  water  at  known  pressures  to  the  sample.  The  pressures 
were  transmitted  through,  the  central  valve  and  measurement  systems 
to  the  Bishop  Oedometer. 

Measuring  system  The  measuring  system  used  was  similar  to 

that  given  by  Bishop  and  Henkel  ( kj) .  The  main  components  consisted 

2 

of  a  pressure  gage,  calibrated  in  0.10  kg/cm  ,  a  mercury  manometer 

2  2 
calibrated  in  0,01  kg/cm  with  a  maximum  reading  of  1.8  kg/cm  and  a 

screw  control  pump  for  fine  adjustment.  This  system  was  used  to  make 

all  pressure  measurements  for  the  entire  system. 

The-  manometer  was  adjusted  to  give  a  zero  reading  for  water 
level  at  the  top  of  the  ceramic  stone. 

All  components  of  the  system  were  interconnected  through  a 
central  valve  network  and  manifold  which  increased  the  ease  of 
operation  and  maintained  a  better  control  over  the  entire  operation. 

Pore  water  pressure  measurement  apparatus  Pore 'water 
pressures  were  measured  by  using  a  Bishop  null  indicator,  illustrated 
in  Fig.  12,  The  principal  advantage  of  the  null  indicator  is  that 
the  pore  pressure  can  be  balanced  rapidly  by  applying  an  equal  pres- 
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sure  to  the  other  side  of  the  mercury  column  preventing  any  flow  of 
water  either  into  or  out  of  the  soil  sample.  The  small  diameter 
(1/16  inch)  mercury  column  provides  high  sensitivity  in  measurements 
whereas,  the  larger  "bore  tube  provides  an  adequate  volume  of  mercury 
to  prevent  loss  of  the  mercury  column  due  to  accidentally  unbal¬ 
ancing  the  pressures . 

For  flushing  and  deairing  the  apparatus ,  a  mercury  trap  is  pro¬ 
vided  so  that  free  passage  of  water  is  possible  by  tilting  the  null 
indicator,  and  allowing  the  mercury  to  flow  into  the  trap. 

Prior  to  testing,  the  mercury  column  is  raised  to  the  desired 
level  and  the  system  balanced.  By  increasing  the  pressure  rapidly., 
the  null  indicator  can  be  checked  for  any  trapped  air  bubbles  which 
are  indicated  by  a  change  in  the  mercury  water  interface.  Movement 
of  less  than  1/16  inch  was  considered  to  be  a  result  of  elastic 
expansion  of  the  hull  indicator  and  not  a  result  of  trapped  air. 

After  the  initial  deairing  of  the  null  indicator,  the  operation  only 
required  flushing  with  fresh  deaired  water  prior  to  starting  a  new 
test. 

Moisture  content  measurement  A  Bishop  volume  change 
device  was  used  to  measure  the  amount  of  water  that  flowed  into  the 
sample  during  an  application  of  back  pressure.  This  device.  Fig.  13, 
measures  the  volume  change  by  the  displacement  of  the  surface  between 
water  and  colored  kerosene.  The  inner  tube  is  calibrated  so  that  the 
volume  of  water  displaced  may  be  read  directly.  The  apparatus  was  ' 
used  in  conjunction  with  the  self-compensating  mercury  pots  which 


applied  the  required  each  pressure.  She  change  in  moisture  content 
could  he  calculated  knowing  the  '  >lu=e  of  water  floving  into  the 
sample,  initial  moisture  content  and  density  of  the  specimen. 

Svell  test  -procedures  Before  beginning  any  test  the  entire 
system  vas  flushed  with  demineralized  deaired  water  and  the  ceramic 
stone  saturated. 

•The  compacted  soil  sample  was  cut  and  trimmed  to  side  in  the 
cutting,  mold,  and  the  ends  trimmed  flush  to  the  sample  holder. 
Finished  sise  of  the  sample  was  3  inches  in  diameter  and  0.75  of  an 
in«  \  thick.  The  sample-  was  then  mounted  in  the  oedometer. 

Once  the  sample  was  placed  in  contact  with  the  ceramic  stone  the 
oedometer  was  assembled  as  rapidly  as  possible.  The  upper  chamber 
was  filled  with  water  by  using  a.  separate  pressure  chamber  to  supply 
water  rapidly  to  the  chamber.  In  order  to  prevent  cavitation  during 
the  assembling  and  filling  the  upper  chamber  it  was  necessary  to 
open  the  valve  on  the  pore  pressure  system  for  a  fraction  of  a  second 
to  relieve  the  negative  pressures.  This  procedure  was  used  by  Qlscii 
and  Langf elder  (5)  and  the  small  amount  of  water  moving  into  the 
sample  should  not  affect  the  soil  suctions  significantly. 

Once  the  upper  chamber  was  filled  with  water,  the  air  pressure 
and  chamber  water  pressure  were  increased  simultaneously  in  the  axis 
translation  technique.  The  dial  gage  was  then  read  and  this  reading 
taken  as  the  initial  value.  The  loading  was  then  applied  to  the 
specimen  by  use  of  the  mercury  pot  system.  The  pressure  applied  was 
equal  to  the  desired  loading  plus  the  applied  air  pressure. 


She  sample  was  then  allowed  to  ccme  to  equilibrium  with  the 
applied  load.  Periodic  measurements  of  the  core  water  pressures  and 
the  dial  gage  were  taken.  Equilibriica  was  reached  when  the  pore 
water  pressure  remained  constant  ever  a  period  of  time  and  no  further 
movement  of  the  dial  gage  occurred.  Shis  point  was  normally  reached 
in  a  period  of  time  ranging  from  5  to  2k  hours-. 

Ee  soil  suction,  which  is  the  algebraic  difference  between  the 
applied  air  pressure  and  measured  pore  water  pressure,  was  then  re¬ 
duced  in  increments  until  the  soil  suction  reached  zero.  Shis  was. 
done  by  applying  a  back  pressure  equal  to  the  pore  air  pressure 
through  the  volumetric  device  to  the  oedometer-  Periodic  measurements 
of  the  amount  of  water  moving  into  the  soil  were  made  until  the  de¬ 
sired  quantity  had  penetrated  the  soil.  She  times  of  back  pressure 
application  depended  upon  the  degree  to  which  the  suction  pressure 
was  reduced.  Shey  ranged  from  a  few  minutes  to  about  36  hours  for  the 
last  increment  which  reduced  the  suction  to  zero.  Periodic  readings 
of  the  dial  gage  were  tasen.  She  swell  was  computed  "based  on  the 
percent  vertical  change  from  the  original  sample  height. 

After  testing,  the  sample  was  removed  and  the  moisture  content 
checked.  Prior  to  testing  a  new  sample ,  the  entire  system  was 
flushed  with  fresh,  deaired,  demineralized  water. 


50 


section  v 

RESULTS  A!®  DISCUSSION 

Mineralogy  H~'  ninei.alogical  analysis  cf  the  San  Saha  Clay  as 
modified  hy  the  addition  of  the  kaolinite  clay  is  presented  in  this 
section.  The  mineralogy  of  the  kaolinite  is  given  in  Appendix  I  and 
will  not  he  discussed  in  this  section  other  than  to  say  it  is  a 
relatively  pure  kaolinite  of  very  high  crystallinity. 

Analysis  of  the  mineralogy  for  the  San  Saba  Clay  was  performed 
for  the  following  soil  fractions:  >50 p,  50-5p,  5-2p,  2-0.2 p  and 
<0.2;i.  The  X-ray  diffraction  patterns  obtained  for  each  fraction  are 
contained  in  Appendix  T.  The  fine  silt  and  clay  fractions  of 

the  soil  were  saturated  with  magnesium  and  ethylene  glycol  to  enhance 
the  identification  of  montmorillonite.  Table  1  summarizes  the  min¬ 
eralogy  of  each  of  the  soil  fractions. 

Discussion  of  the  mineralogical  properties  The  use  of  X-ray 
diffraction  patterns  is  well  established  for  the  identification  of  the 
various  clay  minerals  present  in  a  soil.  A  mineral  has  certain  diag¬ 
nostic  X-ray  peaks  which  are  a  result  of  its  crystalline  structure. 

The  location  of  these  peaks  has  been  well  established  by  many  inves¬ 
tigators  and  can  be  used  to  determine  the  type  of  clay  minerals 
present  in  a  soil  as  well  as  a  rough  estimate  of  the  amount  of  each. 

The  sand  and  coarse  silt  fractions  of  this  soil  consisted  almost 

entirely  of  quartz.  The  diagnostic  X-ray  peaks  for  quartz  are  very 

o 

strong  and  sharp  peaks  at  3.3^  and  4.26A.  The  fine  silt  (5-2p) 
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TABLE  1  ESTIMATED  AEU3DAZJCE  OF  CLAY  MINERALS 


Grain  size 

Minerals  present 

Sand,  >50 p 

' 

Silt,  50-2p 

Q1K2 

Coarse  clay,  2-0. 2p 

KaW3 

Fine  clay,  <0.2p 

ai  -  >4o2 

K  -  kaolinite 

2  -  10-402 

I  -  Illite 

3  -  <102 

M  -  Montmorillonite 

Q  -  Quartz 

.  '  C  n 

-  A  - 

-  ' _ 

fraction  contains  quarts,  kaolinite  and  illite. 

o 

Kaolinite  has' X-ray  peaks  at  f.lU  and  3.57A  whereas  the  illite 

o 

was  identified  by  its  characteristic  X-ray  peaks  at  10  and  5A. 

The  clay  was  separated  into  coarse  (2-0. 2p)  and  fine  (<0.2p) 
fractions.  The  coarse  fraction  contains  mainly  kaolinite  and  illite. 
A  small  amount  of  quartz  was  also  present.  The  fine  clay  fraction 
consists  largely  of  montmorillcnite.  The  strong,  sharp  X-ray  peak 

p 

at  17* 7A  is  indicative  that  a  large  quantity  of  this  mineral  is 
present. 

In  summarizing  the  mineralogy  of  the  San  Saba  Clay,  the  soil  is 
composed  of  quartz,  montmorillonite,  kaolinite  and  a  small  amount  of 
illite. 

The  presence  of  montmorillonite  in  a  large  quantity  is  a  good 
indication  that  the  soil  has  an  expansive  potential.  Montmorillonite 
has  the  unique  property  of  an  expanding  lattice  structure,  which 
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greatly  increases  its  ability  to  -adsorb  large  Quantities  of  water. 
Also,  the  normally  small  crystals  (<G.2;i) ,  provide  a  large  surface 
£irea  for  adsorption  of  water  molecules  per  unit  volume .  further 
increasing  its  expansive.  potential. 

San  Saba  Clay,  due  to  its  montmor i lion i t e  content,  could  oe 
expected  to  be  a  somewhat  troublesome  soil  on  which  to  construct 
structures  with  light  foundations.  During  seasonal  fluctuation  of 
moisture  content,  considerable  shrinking,  and  swelling  may  occur  in 
the  soil. 

Engineering  Index  Properties  The  results  of  the  standard  engi¬ 
neering  index  properties  are  presented  in  Table  2  for  the  San  Saba 
Clay.  Included  are  the  specific  gravity,  the  liquid  limit,  plastic 
limit  and  plasticity  index. 

TABLE  2  ENGINEERING  INDEX  PROPERTIES 


Specific  gravity 

2.63 

Liquid  limit 

58.0 

Plastic  limit 

21.6 

Plrsticity  index 

36.4 

Grain  Size  Distribution  {%) 

Sand,  >50p 

5.6 

Silt,  50-2u 

43.1 

Clay,  <2p 

51.3 

The  results  of  the  compaction  test  are  included  in  this  section. 
The  soil  was  compacted  using  the  California  Kneading  Compactor.  The 
optimum  moisture  content  was  22.5#  with  a  maximum  dry  density  of 
100.2  lbs/cu  ft.  The  dry  density-moisture  content  curve  is  given  in 
Fig.  l4. 
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-  Based  on  the  index  properties  and  grain  size  distribution  of  the 
San  Saha  Clay,  the  soil  would  be  classified  as  an  inorganic  clay  of 
-high  plasticity  -  "CH"  in  the  Unified  Soil  Classification  System. 

"  Discussion  of  engineering  index  properties  The  liquid 
limit  of  58  is  indicative  that  the  clay  has  a  considerable  amount  of 
montmorillonite ,  as  was  shown  in  the  mineralogical  analysis.  In  gen¬ 
eral,  soils  which  have  a  Plasticity  Index  (I  )  greater  than  30  will 

normally  have  a  considerable  shrink-swell  notential.  The  I  of  36. b 

p 

.would  indicate  a  moderate  swelling  potential  for  this  soil. 

The-  moisture  content-dry  density  curve  obtained  from  the  knead¬ 
ing  compaction  was  analyzed  to  select  the  molded  moisture  contents 
to  be  used  for  the  swell  test. 

The  moisture  contents  between  2-5%  on  either  side  of  optimum 
were  selected  as  the  general  range  which  would  provide  the  desired 
microstructure  changes  and  still  keep  the  soil  suctions  compatible  ' 
with  the  air  entry  range  of  the  ceramic  stone  used.  The  dry  density 
value  of  96.8  lhs/cu  ft  was  selected  as  meeting  these  criteria. 
Moisture  contents  ol  19.1#  and  26%  were  used.  Sample  preparation 
was  developed  so  that  the  dry  density  could  be  duplicated  throughout 
the  testing  period.  A  variance  of  ±0.3  Ibs/cu  ft  was  accepted  as 
allowable . 

The  minimum  curing  period  of  seven  days  provided  a  constant 
density  and  no  changes  to  compacted  densities  were  observed  at  longer 
periods  of  curing. 

Microstructure  The  data  obtained  from  the  study  of  the  clay 
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microstructure  is  divided  into  two  areas  and  discussed  separately. 
Those  areas  are  the  results  of  the  (l'  X-ray  diffraction  technique 
and  (2)  the  Scanning  Electron  Microscope. 

X-ray  diffraction  results  for. microstructure  The  X-ray 
peak  intensities  used  for  the  determination  of  particle  orientation 
included  the  (.002)  and  (020)  peaks  of  kaolinite.  Typical  results  are 
given  in  Fig.  15  and  the  corresponding  peaks  identified  with  a  "K" 
beside  the  respective  number  to  indicate  kaolinite.  The  data  show¬ 
ing  peak  intensities  are  given  in  Appendix  II.  Fig.  16  shows  the 
change  of  particle  orientation  of  the  compacted  samples  with  changing 
compacted  moisture  contents.  The  maximum  degree  of  dispersion  is 
apparently  reached  near  the  optimum  moisture  content  and  decreases 
slightly  with  moisture  contents  significantly  wet  of  optimum. 

Discussion  of  X-ray  microstructure  results  Kaolinite  as 
an  internal  standard  for  the  microstructure  was  selected  for  several 
reasons.  First  of  all,  the  montmorillonite  X-ray  peaks  were  very 
diffuse  and  could  not  be  easily  distinguished.  This  is  a  result  of 
several  factors,  the  primary  one  being  the  incomplete  saturation  of 
the  soil,  which  would  cause  a  non-uniform  lattice  expansion  of  all 
the  montmorillonite  particles.  This  factor  was  very  evident  in  the 
drier  compacted  samples  as  a  very  broad  band  was  produced. 

The  second  factor  was  the  very  weak  prismatic  peaks  of  montmo¬ 
rillonite.  The  high  degree  of  background  scatter  in  the  X-ray 
patterns  tends  to  obscure  these  peaks  altogether. 

Kaolinite,  being  the  second  most  common  clay  mineral  in  the 
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Figure  16.  Orientation  Ratio  versus  Moisture  Content 


soil  matrix ,  vas  selected  for  nicrostructure  analysis.  Kaolin! te  has 
very  strong  distinct  X-ray  p eaks  which  Remits  identification  of  the 
selected  peaks  possible. 

From  Fig.  1 6  it  can  be  seen  that  dispersed  orientation  increases 
with  increasing  moisture  contents  until  the  optimum  moisture  content 
is  reached.  It  then  remains  essentially  the  same  until  about  26%  at 
"which  point  apparently  a  decrease  in  preferred  orientation  begins. 

The  decrease  in  dispersion  may  be  explained  by  analyzing  vh3.t  happens 
during  compaction  as  the  soil  approaches  saturation.  For  particle 
orientation  to  change ,  a  stress  must  act  on  the  soil  particles.  As 
the  degree  of  saturation  increases  the  stress  transmitted  to  the 
particles  during  compaction  is  less  as  the  water  takes  part  of  the 
stress.  There  would.,  therefore,  he  less  force  acting  on  the  particles 
and  consequently-  the  rearrangement  also  would  he  less. 

The  orientation  study  of  compacted  clay  by  Lambs  (2)  using  the 
petrographic  microscope  shows  a  definite  change  in  slope  of  the 
orientation  curve  near  the  optimum  moisture  content.  The  degree  of 
saturation  for  the  various  data  points  is  not  given  but  must  be  one 
of  the  factors  influencing  this  change  in  slope.  Cementing  agents 
(organics,  carbonates,  etc.)  present  in  the  soil  will  also  have  an 
influence  on  particle  orientation.  The  degree  of  reorientation  pos¬ 
sible  by  mechanical  means  may  he  some  .nat  limited  if  these  bonds  are 
strong. 

The  results  of  the  X-ray  analysis  point  out  that  the  occurrence 
of  multi-grain  structures  (packets)  is  very  probable.  However,  it 


is  United  in  defining  "whether  packet  or  individual  parti=cle 
orientations  are  present  in  a  soil  as  no  visual  evidence  is  provided. 
The  \~ray  analysis  of  the  nicrostructure  will  give  a  good  average 
orientation  of  the  particles  and  will  show  overall  gross  orientation* 

Scanning;  Electron  Microscope  results  for  microstructnre  In 
order  to  try  to  define  whether  packet  or  individual  particle  orien¬ 
tation  was  prevalent  in  the  compacted  samples ,  electron  micrographs 
were  taken  of  samples  at  the  two  test  moisture  contents  used  in  the 
swell  test.  Both  samples  had  the  same  dry  density  out  were  compacted 
at  19*1?  and  26?  molding  water  contents. 

Representativ*  electron  micrographs  ere  presented  on  the  follow¬ 
ing  pages.  Surfaces  normal  and  parallel  to  the  ecqpaetive  effort 
are  shown. 

Hiermstructure  at  19*1?  moisture  content  Figs.  17  and  18 
were  taken  of  the  surface  normal  to  the  direction  of  the  eoopactive 
effort*  The  general  appearance  of  these  figures  is  characterised  by 
a  multitude  of  packets  which  appear  to  on  generally  arranged  in  the 
plane  normal  to  the  comp  active  effort.  Also,  they  give  the  impres- 
sior  of  having  a  very  open  network  of  particle  packets  and  relative 
large  pores  between  the  packets. 

In  Figs.  19  and  20  a  surface  which  is  parallel  to  the  direction 
of  the  compactive  effort  is  shown.  These  figures  show  a  number  of 
packet  edges  to  he  present.  However,  there  is  still  an  overall  ran¬ 
domness  of  the  orientation  of  these  edges  as  well  as  some  packet 
faces  apparent  in  the  micrographs  (Fig.  20).  Generally  these 
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micrographs  give  the  appearance  of  a  somewhat  random  orientation  of 
packets  and  do  not  seem  to  be  characterized  by  individual  particle 
orientation. 

Microstructure  at  26%  moisture  content  Figs.  21  through  23 
were  taken  of  the  surface  normal  to  the  direction  of  the  compactive 
effort  and  Figs.  2.U  add  25  represent  a  surface  parallel  to  the  com¬ 
paction.  In  general,  these  micrographs  appear  to  show  a  micro¬ 
structure  which  is  more  massive  and  has  a  lesser  degree  of  openness 
than  the  samples  compacted  at  the  drier  moisture  content.  A  high, 
number  of  packet  faces  are  shown  normal  to  the  direction  of  com¬ 
paction  but  there  is  still  a  certain  amount  of  randomness,  present. 

The  micrographs  showing  a  surface  parallel  to  compaction  still  nave 
a  somewhat  fandom  appearance.  The  lesser  degree  of  openness  tends 
to  give  an  impression  that  a  higher  number  of  packet  edges  are 
present.  In  the  general  topographic  view  (Fig.  2h),  this  randomness 
can  be  seen. 

Comparison  of  wet  and  dry  side  microstructure  The  micro- 
structure  illustrated  in  the  preceedlng  micrographs  is  a  much  more 
complex  system  than  the  current  idealized  representations  in  the 
literature. 

The  surface  normal  to  the  compactive  effort  in  both  samples 
appears  to  have  a  large  number  of  packets  in  a  plane  parallel  to  the 
micrograph.  By  comparing  Figs.  18  and  21  the  massiveness  of  the 
wet  side  sample  is  obvious  as  is  the  lack  of  large  voids. 

In  comparing  the  surfaces  parallel  to  compaction  of  the  two 


Figure  21.  Scanning  Electron  Micrograph*  View  1, 
Showing  a  Surface  Normal  to  the  Direction  of  Compaction  (2 6%) 
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moisture  contents,  there  is  a  higher  occurrence  of  M edges”  in  the 
vet  side  sample.  This  vculd  indicate  rare  particle  orientation-  in 
this  sample.  Hovevev ,  the  sample  dees  rot-  approach  the  degree  of 
dispersion  previously  indicated  in  the  literature. 

The  concepts  of  Sloan e  and  Sell  (31)  are  perhaps  in  closer 
agreement  with  the  micrographs  obtained.  They  concluded  that  the 
compacted  soil  consisted  of  multi-grain  packets  which  will  be  in  var¬ 
ious  degrees  of  orientation  depending  upon  the  molding  water  content 
for  connection.  Vith  standard  electron  microscopy,  it  has  been  very 
difficult  to  obtain  a  depth  of  field  which  would  give  seme  insight 
as  to  the  actual  make-up  of  the  packets.  In  Fig.  18,  the  height  of 
the  packets  is  quite  easily  seen;  however,  it  was  not  possible  to 
distinguish  the  actual  orientation  of  particles  within  the  packets. 

Summary  The  data  obtained  from  both  the  X-ray  diffraction 
and  scanning  electron  microscopy  techniques  suggest  that  the  change 
in  the  microstructure  produced  by  kneading  compaction  (wet  and  dry 
of  optimum)  is  not  significant.  For  the  soil  tested,  the  maximum 
dispersion  possible  under  the  ccjnpactive  effort  used  is  reached 
around  optimum  moisture  content  and  decreases  slightly  for  moisture 
contents  above  26%. 

The  electron  microscopy  results  indicate  that  a  multi-grain  or 
packet  formation  is  prevalent  rather  than  individual  particle  orien¬ 
tation.  Compaction  Was  effective  in  causing  increasing  dispersion  of 
the  packets  but  it  is  felt  that  the  orientation  within  the  packets 
themselves  was  not  altered  significenrlj .  Diamond  (UQ)  performed  a 
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similar  study  on  commercial  kaolinite  and  illite  also  concluded 
that  the  orientation,  for  vet  and  dry  side  compaction  vas  not  signifi¬ 
cantly  different  using  impact  carpaction. 

Using  the  classifications  of  orientation  of  Cdch  (^.0) ,  the  mlcro- 
structnf e  would  vary  frcm  a  ’’poor"  preferred  orientation  to  one  with 
only  a  "fair"  degree  of  preferred  orientation.  ¥hile  a  certain  amount 
of  preferred  orientation  does  exist  in  the  vet  of  optima  sample,  it 
dess  not  approach  a  dispersed  micros tructufe. 

Svell  Test  Analysis  .  This  section  is  divided  into  three  parts: 
results  of  the  initial  soil  suction  for  the  selected  moisture  con¬ 
tents  to  he  used  are  presented  first;  the  swell  data  for  the  vet  and 

dry  side  compaction  are  presented  separately.  Values  of  suction  are 

2  '  r 

reported  an  units  of  kg/cn  rather  than  units  of  pF  for  ease  of  in¬ 
terpretation  as  the  data  was  in  a  small  range  of  pF. . 

Initial  soil  suction  measurement  Ihe  initial  values  of 
the  soil  suction  for  hoth  the  samples  compacted  at  19-1?  and  26.0? 
moisture  contents  were  determined.  For  this  initial  determination, 
the  exposed  end  plate  method  of  Gihhs  and  Coffey  (H)  was  used. 

Two  different  procedures  of  applying  the  air  pressure  required 
for  axis  translation  were  used.  In  one  test,  the  air  pressure  was 
increased  gradually  in  small  increments  to  keep  the  measured  pore 
water  pressure  slightly  positive.  In  another  test,  the  total  re¬ 
quired  air  pressure  to  prevent  cavitation  from  occurring  was  applied 
at  the  start  of  the  test. 

Figs.  26  and  27  show  the  equilibrium  time  and  soil  suction 


Figure  26.  Soil  Suction  versus  Eire  of  /nawHed 
Mr  Pressure  for  Initial  Hoistsre  Ccstesb  of  19 -U® 


73 


TiOW  (Kg/cm2): 


O  =  1.5  Kg/cm*  AIR  PRESSURE 
APPLIED  IMMEDIATELY 

A  =  /UR  PRESSURE  INCREASED 
IN  INCREMENTS 


L_ _ L_ _ _ : _ ! _ _ _L_ 

O  200  400  600 


TIME  (MIN) 


800 


rigare  2T-  Soil  Suction  versus  Tine  of  Applied 
Air  Pressure  for  Initial  Moisture  Content  of  26% 


7k 


relationships.  ,  The  initial  suction  for  the  19-1%  moisture  content 
-  0/2 

sample  was  5*18  kg/cm  for  the  gradual  increase  of  applied  air  pres- 
"  2 

sure  and.  5.lk  kg/cm  for  an  initial  air  pressure  application  of 
2  ? 

li.8  kg/ cm  .  The  26%  moisture  content  sample  had  a  value  of  1.52 

2  2 
kg/cm  at  an  air  pressure  of  1.5  kg/cm  ,  whereas  hy  gradually  in- 

2 

creasing  the  applied  air  pressures,  an  initial  suction  of  1.55  kg/cm 
was  measured. 

Discussion  of  initial  soil  suction  measurement  The  deter¬ 
mination  of  the  initial  soil  suction  values  for  the  compacted  samples 
was  very  important  for  several  reasons.  Primarily,  it  was  necessary 
to  determine  if  the  capability  of  the  ceramic  stone  was  adequate.  If 
the  soil  suction  were  greater  than  the  air  entry  value  of  the  stone, 
then  cavitation  would  occur.  The  pore  pressure  measurement  system 
would  then  break  down  and  inaccurate  data  would  he  obtained.  In 
some  early  tests ,  when  cavitation  did  occur,  the  measured  pore  water 
pressures  began  to  increase  rapidly  and  with  time  approached  values 
of  the  applied  air  pressure. 

The  time  required  to  establish  equilibrium  between  the  ceramic 
stone,  applied  air  pressure  and  the  soil  sample  was  greatly  influ¬ 
enced  by  the  initial  condition  of  the  ceramic  stone.  If  the  stone 
was  too  wet,  a  considerable  lag  time  resulted  before  equilibrium 
was  reached.  It  was  found  that  by  lightly  wiping  the  surface  of  the 
stone  with  clean  filter  paper  the  proper  initial  condition  of  the 
stone  could  be  obtained.  Equilibrium  times  ranged  from  4  to  6  hours. 
It  was  also  observed  that  hy  increasing  the  contact  arsa  between  the 
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store  ana  soil  to  ax-oat  851*,  the  tire  required  for  egailioritax  vas 
decreased.  Initially  the  tests  vere  performed  using  exeat  JCj*  con¬ 
tact  area  as  suggested  for  the  exposed  end  plate  technique  cat 
resulted  in  eosUibrio  tires  exceeding  8  hoars, 

A  comparison  feetveec  the  tab  methods  of  applying  the  required 
air  pressure  vas  necessary  to  determine  if  say  significant  differ¬ 
ences  occurred  in  the  initial  value  of  soil  suction.  In  the  svell 
test,  the  air  pressare  voald  he  applied  at  ihe  start  of  the  test. 

2ie  sliest  differences  of  G.CA  Ig/e"  ana  0.03  sg/cn  vere  quite 
acceptable  ana  vere  probably  caused  by  differences  in,,  samples 

thsmsleves. 

Sveli  test  results  for  sarnies  carsacted  at  19.21*  Sie  re¬ 
lationship  between  sbil  suction  end  moisture  content  is  shevn  in 
Jig.  28.  Ihe  influence  of  the  -applied  external  leading  is  dsnon- 

stratefi  hy  the  family  of  carves  srhieh  started  st  a  suction  of  about 
2 

3  kg/cn  .  She  increase  in  loading  had  bsro  effects.  First,  the  point 

at  vhich  the  carve  left  the  straight  line  part  of  the  suction  vs 

rbisture  content  carve  vas  at  progressively  lever  soil  suctions  as 

the  load  vas  increased.  Second,  the  final  moisture  contents  vere 

reduced  as  the  load  increased  and  varied  iron  30.22  at  a  zero  leading 

2 

to  2h.2%  at  a  load  of  1.5  hg/cn  . 

Fig.  29  shevs  the  influence  upon  the  svell  of  both  the  decreas¬ 
ing  o oil  suction  and  the  applied  loadings,  ilaxasun  svell  under*  zero 

2 

lead  vas  6.9%  and  decreased  to  0.hk%  at  1.5  kg/cn  .  As  the  size  of 
the  test  loads  increased,  consolidation  occurred  during  the 
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figure  29.  Effect  of  Decreasing  Soil  Suction 
on  Swell  for  Initial  Moisture  Content  of  19.1# 


equilibrate:  period.  The  consolidation  appeared  to  have  very  little 
effect  upon  the  initial  soil  suction. 

Fig.  30  gives  the  relationship  hetveen  sveil  and  moisture  con¬ 
tent  for  the  various  test  loadings. 

-The  experimental  data  is  given  in  Appendix  Ill.  Table  3  pro¬ 
vides  a  tabular  summary  of  load,  sveil,  moisture  content  values  and 
degree  of  saturation. 

TABES  3  SWELL  DATA  SOSKSRY  19.1?  INITIAL  miSTUSE  CONTEST 


Discussion  .of  results  for  s vs  ill  tests  (19-1?)  Xt  vould 
appear  from  examining  Fig.  28  that  the  test  loading  had  very  little 
effect  upon  the  initial  soil  suction  of  the  sample.  As  the  moisture 
content  increased,  the  corresponding  reduction  of  the  soil  suction 

2 

followed  the  same  approximate  path  to  a  suction  of  about  3.0  kg/ cm  . 
Then,  depending  upon  the  loading,,  the  actual  point  of  departure  was 
at  a  lover  value  of  suction  with  increased  loading. 

To  examine  the- possible  reasons  for  this ,  it  is  necessary  to 
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"Figure  30.  Effect  of  Increasing  Moisture  Content  on  Swell 
for  Initial  Moisture  Content  of  19.1$ 
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examine  what  occurs  in  the  pores  as  the  suction  pressures  are  reduced. 
As  has  "been  pointed  out  earlier,  the  soil  compacted,  dry  of  optimum 
probably  has  an  incomplete  development  of  the  niay  micelle.  The 
relative  strengths  of  the  various  components  (capillary,  osmotic  and 
adsorbed  water)  are  net  known  exactly  but  as  water  is  applied  to  the 
soil  during  the  swell  tests  the  capillary  tensions  in  the  soil  pores 
are  reduced.  Then,  during  the  equilibrium  period  a  certain  drop  in 
the  soil  suction  occurs.  Since  the  capillary  forces  are  acting  to 
hold  the  soil  particles  together,  they  in  a  sense  retard  the  swell. 
With  a  release  of  these  pressures ,  the  soil  particles  may  imbibe 
water  into  the  clay  micelle  which  will  increase  the  repulsive  forces 
and  cause  the  swell  to  start. 

Another  factor  which  would  be  active  in  this  range  of  suction 
pressures  in  the  elastic  rebound  of  clay  particles  which  have  been 
deformed  by  the  high  suction  pressures.  As  the  suction  pressure  is 
reduced,  these  particles  may  regain  their  initial  position  and 
thereby  cause  some  volume  expansion. 

The  departure  from  the  straight  part  of  the  curve  also  corres¬ 
ponds  very  closely  with  the  point  at  which  the  swell  begins  to  in¬ 
crease  rapidly  with  change  in  moisture  content  (Fig.  29).  There 
would  appear  to  be  some  critical  value  of  soil  suction  at  which  a 
higher  rate  of  swell  would  occur  under  a  given  loading.  This  point 
corresponds  to  a  condition  where  the  forces  pushing  particles  apart 
(osmotic)  start  to  greatly  exceed  the  combination  of  the  load  and 
suction  forces  forcing  the  particles  together.  As  the  size  of  the 
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lead  increased,  'the  soil  suction  vs  svell  curve  approached  a 
straight  line  and  did  not  svell  as  rapidly  vith  a  change  in  moisture 
content. 

Eel ov  this  critical  value,  the  svell  that  occurs  could  he  almost 
entirely  due  to  the  water  required  to  ecu slice  the  ion  concentration 
between  the  pore  water  and  the  water  in  the  clay  micelle. 

The  osmotic  svell  has  "been  termed  a  "repulsive  pressure"  since 
as  a  result  of  imbibing  of  additional  vater  molecules,  the  particles, 
vill  be  pushed  further  apart.  Depending  upon  the  size  of  the  applied 
load,  the  degree  of  expansion  indicates  the  equilibrium  between  the 
force  (applied  load)  pushing  particles  together  and  the  force  (os¬ 
motic  pressure)  trying  to  push  the  particles  apart.  The  osmotic 
demand  was  very  strong  since  the  imbibed  water  was  deionized.  There 
exists  a  large  inbalance  between  the  clay  micelle  and  thepore  water. 
As  the  water  molecules  are  taken  into  the  clay  micelle*,  the  micelle 
increases  in  size  and  swell  must  obviously  occur. 

The  final  degree  of  saturation  was  in  all  cases  less  than  100$ 
at  zero  soil  suction.  This  has  been  observed  by  Gibbs  (23)  and 
Matyas  ( h9)  to  be  the  case  for  soils  at  higher  initial  soil  suctions. 

The  occurrence  of  entrapped  air  is  a  possible  cause  of  incom¬ 
plete  saturation.  Due  to  the  higher  amount  of  air  voids  initially 
the  chance  of  entrapment  is  much  greater  than  in  a  soil  compacted 
with  a  wetter  initial  condition. 

Svell  test  results  for  samples  compacted  at  26.0$  The  data 
obtained  from  the  swell  test  for  the  26$  moisture  content  sample  are 
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presented  graphically  in  Figs.  31,  32,  aid  .33.  Total  svell  for  these 

samples  vas  considerably  less  than  for  the  dry  side  compacted  samples 

The  maximum  swell  under  zero  loading  was  0.92  and  this  vas  suppressed 

2 

by  even  light  loadings.  When  the  load  exceeded  0.5  kg/cn  ,  consoli¬ 
dation  occurred,  and  no  swelling  occurred  as  the  moisture  content 

2 

increased  slightly.  A  loading  of  1.0  kg/cn  was  performed  but  con¬ 
tinued  consolidation  occurred  and  the  sanple  reached  approximately 
full  saturation  during  the  equilibrium  period  between  the  applied 
load  and  measured  pore  water  pressures. 

The  soil  suction  aid  moisture  content  relationships  under  test 
loading  are  shown  in  Fig.  31.  The  final  water  content  for  a  zero 
loading  was  2S.2p  at  a  zero  suction.  The  moisture  content  at  zero 
suction  decreased  with  increasing  loading  to  26.9 %  under  1.0  kg/cn  . 
Table  h  summarizes  the  swell  data  and  experimental  results  are  con¬ 
tained  in  Appendix  III.  - 

Discussion  of  results  for  swell  tests.  1262)  As  expected, 
the  swell  for  the  samples  compacted  wet  of  optimum  was  considerably 
less  than  these  on  the  dry  side  of  optimum  content  for  the  same 

dry  density. 

The  swell  that  occurs  in  samples  compacted  wet  of  optimum  mois¬ 
ture  content  is  primarily  due  to  osmotic  expansion.  I-Sitchell  (1*0 
and  others  (15)  have  shown  that  swell  in  this  moisture  range  could 
be  completely  prevented  by  using  pore  water  of  high  concentrations 
of  calcium  acetate  and  calcium  chloride. 
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SOIL  SUCTION  (Kg/cm.2 ) 


Figure  31.  Effect  of  Increasing  Moisture  Content 
on  Soil  Suction  for  Initial  Moisture  Content  of  Z$p 
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The  initial  soil  suctions  were  much  less  (1.5  kg/cm  )  as  tee 

adsorbed  films  were  completely  satisfied.  The  soil  suction  reflects 

the  osmotic  demand  almost-  entirely. 

The  shape  of  the  soil  suction  vs  moisture  content  curves  is  much 

less  uniform  than  for  the  19.1%  samples.  However,  there  is  still  a 

‘  2 

similarity  in  the  0.0  and  0.10  kg/cm  load  curves,, 

2 

The  sample  loaded  with  0.3  kg/cm  did  not  swell  after  equili¬ 
brium  had  been  reached  (initial  consolidation)  until  tee  soil  suc- 

= "  -  2 

tion  was  reduced  to  about  0.80  kg/cm  .  Total  swell  was  only  0.l£ 

2 

at  a  zero  suction.  The  sample  under  a  leading  of  0.5  kg/ cm  had  an 

initial  consolidation  of  about  0.9%.  The  sample  then  began  to  swell 

slightly  as  the  soil  suction  was  decreased.  At  some  point  below  a 

2' 

-action  of  0.39  kg/cm-  the  sample  collapsed  and  consolidated  to  about 

2 

the  initial  equilibrium  volume.  The  sample  loaded  with  1.0  kg/cm 
applied  load  continued  to  consolidate  as  the  suction,  was  reduced. 

The  final  degree  of  saturation  as  calculated  was  slightly  over 
100$  and  can  he  attributed,  to  the  inability  of  determining  the  exact 
specific  gravity  of  a  soil;  The  specific  gravity  as  measured  is 
only  an  average  value.  In  a  clay  soil,  it  is  subject  to  errors  due 
to  the  fact  that  oven  drying  to  110°C  does  not  drive  off  all  the 
adsorbed  water.  The  value  then  determined  is  partly  due  to  the  min¬ 
eral  and  partly  due  to  the  small  film  of  water  remaining  around  the 
clay  particle. 
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SECSZGS  71 


sasass 

Mlreralc^r  ana.  IhziTeerim-c  Index  Prewar  ties  The  San  Saba  Clsy 
contained  51-3?  by  -'eight  of  clay  size  particles  of  vhich  a  signifi¬ 
cant  amenst  was  sentagrillcsite  vith  lesser  amounts  of  zaalinite  end 
illite.  The  presence  of  ngntnorili  cnlte  in  large  caaatities  is  a 
good  indication  that  the  soil  vill  he  expansive.  Sie  engineering 
index  properties  sheved  the  soil  to  have  a  liquid  limit  of  58  and  a 
plasticity  index  of  3o-&  vhich  vnald  also  indicate  the  soil  has  at 
least  a  moderate  svelliug  potential. 

I-ijcrostmctare  The  nicrcstructure  for  specimens  compacted  cn 
the  vet  and  dry  side  of  optimum  moisture  content  (at  equal  ary  densi¬ 
ties)  hy  kneading  com pacticn  does  not  appear  to  differ  as  much,  as 
previously  thought.  She  degree  of  preferred  particle  orientation 
vas  very  small  and  both  nicrostructures  vere  still  vithin  the  range 
of  floeeulent  microstructores .  For  the  San  Saha  Clay  the  highest 
preferred  orientation  vas  obtained  near  optimum  moisture  content  and 
remained  constant  until  very  high  moisture  contents  vere  reached. 
Above  a  moisture  content  of  26?  the  degree  of  dispersion  begins  to 
decrease.  ; 

From  the  scanning  electron  micrographs  obtained  of  samples  at 
the  two  moisture  contents ,  it  appeared  that  the  .microstructure  vas 
characterized  by  a  multi-grain  or  packet  type  of  orientation.  The 


high  molding  water  content  sample  had  a  higher  degree  of  packet 
orientation  and  was  much  less  open  in  appearance. 

Hicrostructure  ana  Swell  She  attempt  -to  establish  the  influence 
of  soil  microstructure  on  swelling  was  not  successful,  primarily 
because- the  difference  in  microstructures  was  not  significant  for  the 
soil  tested.  However,  two  methods  for  identifying  the  microstructure 
have  been  developed  and  should  prove  valuable  in  further  studies  of 
the  soil  microstructure.  "r  - 

For  the  two  microstructures  produced  by  compaction,  the  orien¬ 
tation  ratio  of  0.52  for  the  vet  sample  is  still  in  the  general  range 
of  a  flocculent  structure,  and  while  having  an  increased  degree  of 
orientation  it  does  hot  approach  any  high  degree  of  dispersed  orien¬ 
tation.  Certainly  the  large  differences  in  swell  are  almost  entirely 
related:  to  the  initial  water  demand  (soil  suction)  as  opposed  to 
small,  differences  in=  mcrostructure. 

Swell  lest  The  swell  test  developed  has  several  advantages  over 
the  current  standard  tests.  The  most  important  factor  is  being  able 
to  measure  and  control  the  soil  suction.  The  technique  used  was 
successful  both  in  being  able  bo  measure  soil  suctions  up  to  75  psi 
under  load*.  I  conditions  as  well  as  controlling  the  release  of  the 
suction. 

The  volumetric  expansion  due  to  entrapped  air  is  minimised  by 
this  test  method  as  water  is  applied  only  from  one  side.  In  the 
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standard  swell  test,  the  soil  specimen  is  submerged  and  swelling 
caused  by  entrapped  air  could  be  a  factor  which  greatly  influences 
the  results  obtained.  The  values  obtained  by  use  of  the  Bishop 
Oedometer  will  minimize  this  effect  and  should  give  more  realistic 
results ,  as  veil  as  a  more  complete  idea  of  the  amouut  of-  swell  at 
various  stages  of  saturation.  This,  of  course,  is  important  where 
the  gradual  increase  of  moisture  occurs  under  a  structure.  Methods 
available  to  estimate  the  equilibrium  moisture  content  expected  in 
the  field,  or  the  seasonal  fluctuation*  could  then  be  used  with  this 
test  method  to  place  the  soil  in  the  predicted  final  state  and  then 
measure  the  resulting  swelli  It  would  seem  that  this  method  could 
also  he  used  to  simulate  seasonal  variances  and  thereby  be  useful  to 
run  a.  short  term  " environmental"  study  of  the  soil  in.  question.  While 
the  test  period  would  perhaps  cover  several  weeks  to  months ,  this 
would  still  be  more  practical  than  a  number  of  years  as  is  now  re¬ 
quired  to  evaluate  the  seasonal  influences  on  a.  soil. 

Swell  and  Soil  .Suction  It  is  felt  that  this  research  has  opened 
the  door  to  a  new  method  to  evaluate  swell  in  which  the  influence  of 
the  environment  (seasonal  wetting  and  drying)  can  for  the  first  time 
be  simulated  in  the  laboratory.  The  influence  of  soil  suction  upon 
the  swelling  behavior  of  a  soil  is  most  important  and  is  very  depend¬ 
ent  upon  the  initial  value  of  the  suction.  As  has  been  shown  by 
comparison  of  two  initial  states  (moisture  contents)  the  resultant 
swell  varies  greatly.  The  soil  suction  acts  as  a  stress,  tending  to 
give  the  soil  rigidity,  which  also  tends  to  repress  the  swell.  As 
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the  soil,  suction  is  reduced  this  force  holding  particles  together 
beeches  less  and  the  repulsive  forces  "become  greater  by  the  inter¬ 
actions  of  -the  clay  micelles .  There  appears  tc  be  seme  critical 
value  of  soil  suction  vhere  the  repulsive  or  swelling  forces  overcome 
the  forces  holding  particles  together  and  swell  will  increase  very 
rapidly  with  a  further  reduction  of  soil  suction.  Shis  point  is  also 
influenced  by  the  applied  load  on  the  soil.  She  lover  the  initial 
suction  pressures  (wetter  the  soil)  the  less  swell  will  result  due  to 
the  more  fully  developed  clay  micelles . 

The  importance  of  the  initial  state  "of  the  soil  (or  more  pre¬ 
cisely  the  initial  soil  suction)  is  very  important.  ?or  a  change  in 
moisture  content  of  say  2%  the  resulting  swell  will  vary  considerably 
depending  upon  the  initial  soil  suction.  The  data  for  the  drier 
sample  (higher  initial  soil  suction)  indicate  that  the  majority  cf 
the  svell  ( approximately  T0%)  will  occur  after  the  soil  suction  is 

"  5» 

reduced  below  3.2  kg/cn  for  the  light  loadings  (Fig.  34).  Vrnen  the 
load  applied  was  0.5  kg/cm  or  larger  the  total  swell  was  retarded 
and  the  soil  suction  vs  swell  curve  approaches  a  straight  line. 

A  similar  trend  is  evident  from  the  results  of  the  wet  cample. 

A  soil  suction  of  0.4  kg/cm  apparently  is  the  critical  value  from 
which  swell  increases  at  a  higher  rate,  (loads  0.0  and  0.1.)  The 

2 

amount  of  swell  that  occurs  with  soil  suctions  less  than  0.4  kg/cm 
is  much  less  proportionately  compared  to  the  drier  sample. 

load  vs  Change  in  Initial  Soil  Suction  The  effect  on  the 
initial  soil  suction  of  increasing  the  loading  was  shown  in  Fig.  35- 


INITIAL  SOIL 


A  COMPACTED  AT  I9J  % 
MOISTURE  CONTENT 

©  COMmCTED  AT  26.0  % 
MOISTURE  CONTENT 


3.0  h 


20 


APPLIED  LOAD  { Kg/cm2) 


Figure  35*  Effect  of  Applied  load  on  the  Initial  Soil  Suction 


In  general,  the  effect  was  small.  The  change  in  the  initial  soil 
suction  is  probably  closely  related  to  the  amount  of  consolidation 
the  sample  undergoes  during  load  application.  As  consolidation 
occurs,  the  soil  mass  becomes  denser  and  particles  are  closer  to¬ 
gether.  This  would  have  a  tendency  to  reduce  the  soil  suction 

slightly.  The  only  test  sample  to  undergo  large  consolidation  was 

2 

the  one  compacted  at  26%  when  subjected  to  ?.  1.0  kg/ea  load.  A 

2 

drop  in  the  initial  soil  suction  of  0.5  kg/cm  occurred. 


SECTION  VII 


CONCLUSIONS 

1.  Both  the  X-ray  technique  and  scanning  electron  microscopy  indicate 
that  the  soil  micros true ture  does  not  change  significantly  vith 
moisture  content  when  kneading  compaction  is  used.  This  is  con¬ 
trary  to  Information  presently  available  in  the  literature. 

2.  A  packet  type  of  microstructure  is  a  more  descriptive  tern  to 
describe  the  soil  microstructure.  The  packets  in  sample  vet  of 
optimum  appear  to  have  a  greater  degree  of  dispersion  than  samples 
at  drier  moisture  content.  From  the  X-ray  technique  the  highest 
degree  of  dispersion  was  obtained  near  optimum  moisture  content. 
Very  vat  of  optimum  the  degree  of  dispersion  began  to  decrease 
slightly. 

3.  The  sv  ell  test  devei oped  was  successful  in  measuring  and  control¬ 
ling  soil  suctions  under  applied  external  loadings  to  values  of 

2 

.5*1  kg/cm  (pF=3.4);.  The  results  for  the  soil  tested  indicate 
that  there  was  some  value  of  soil  suction  below  which  the  degree 
of  swelling  accelerated. 

The  data  obtained  indicate  that  the  applied  loading  has  littlt 
effect  upon  the  initial  soil  suction.  Only  when  large  consolida¬ 
tions  occurred  was  there  a  significant  change  in  the  initial  soil 
suction. 

5.  As  the  magnitude  of  applied  loading  was  increased  the  amount  of 
swell  decreased.  increasing  the  applied  loading  made  the  soil 
suction  vs  swell  relationship  more  linear  and  decreased  the 
amount  of  swell  as  the  soil  suction  approached  zero. 
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SECTIC3  YIU 


ie^je'Z33ATie3S 

1.  The  nicrostructure  should  be  studied  for  additional  soils  to  far¬ 
ther  verify  that  packet  rather  than  single  grain  nicrcstruetures 
are  prevalent.  The  use  of  the  Scanning  Electron  Microscope  would 
appear  to  be  a  valuable  tool  vhich  could  be  used  in  this  study. 

2.  Further  research  should  be  undertaken  to  better  understand  the 
swell-soil  suction  relationship.  Undisturbed  soil  samples  should 
be  studied  by  reproducing  the  in  sit-u  conditions  and  then  study¬ 
ing  the  swelling  behavior  as  the  soil  suction  is  varied. 

3.  The  study  of  environmental  or  cyclic  effect  of  varying  soil  suc¬ 
tions  under  loaded  conditions  by  the  use  of  the  swell  test  devel¬ 
oped  vould  he  of  value  to  the  soils  engineer.-  ' 

h.  The  range  of  soil  suctions  studied  should  he  extended  using  higher 
air  entry  ceranic  stones.  This  swell  test  could  be  utilized  for 
suctions  upto&p?ofk.7,  which  is  the  design  Unit  of  the 
Bishop  Oedometer. 
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Figure  39.  X-Ray  Diffraction  Patterns  of  Kaolinito 

Clay  Fractiono 
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Figure  1+1.  Orientation  Ratio  for  Compacted  Sample 
at  a  Moisture  Content  of  19.1$ 
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Figure  44.  Orientation  Ratio  for  Compacted  Sample 
at  a  Moisture  Content  of  27.5$ 
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SWELL  TEST  EXPERIMENTAL  DATA 
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Load  o.oo 


SHELL  TEST  DATA 


Dry  Density  96.6 _  Hater  Content  19. l 


Ua  =  Applied  Air  Pressure  Uw  =  Measured  Pore  Water  Pressure 
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SWELL  TEST  DATA 


Load  o.i _  Dry  Density  96.8  Water  Content  19. l 


U  =  Applied  Air  Pressure  -  Uw  =  Measured  Pore  Water  Pressure 
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SHELL  TEST  DATA 


Load _ 0.2 _ Dry  Density  96.8  Water  Content  19.1 


U  =  Applied  Air  Pressure  U  =  Measured  Pore  Water  Pressure 
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